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GENERAL INTRODUCTION 
Introduction to Hypotheses 
A full understanding of evolutionary relationships and directions of evolutionary change within a plant 
group requires knowledge of the morphological and ecological adaptations of both the gametophyte and 
sporophyte generations. In ferns, where the sporophyte and gametophyte live independently, the morphology and 
ecology of the sporophyte has been extensively studied. Most fern species have been described and classified 
according to sporophyte characters and this is reflected in the characters used in construction of fern phylogenies. 
Studies of the gametophyte generation, however, are relatively few and generally are not used in evolutionary 
hypotheses. 
The typical fern gametophyte described in textbooks is small, thallose, heart-shaped and short-lived, 
usually dying in a few months' time whether or not a sporophyte is produced This description, however, does not 
convey the true complexity and variation of fern gametophytes. Gametophytes possess different morphologies 
which suggest different environmental adaptations. Some gametophytes grow underground and are not green and 
photosynthetic. Among green photosynthetic fern gametophytes, some are heart-shaped and some are ribbon-like, 
strap-shaped or filamentous. Nonheart-shaped, green gametophytes are long-lived and clonal. In addition, some of 
these gametophytes produce gemmae at the tips of the thallus or filament. Thus, instead of one category of green 
fern gametophytes, as presented in most texts, there are three types: 
1. Short-lived gametophytes, which occur in most terrestrial ferns. 
2. Persistent, clone-forming gametophytes lacking gemmae, which are found in Polypodiaceae and 
Elaphoglossaceae. 
3. Persistent, clone-forming gametophytes possessing gemmae, which are found in Hymenophyllaceae, 
Grammitidaceae and Vittariaceae. 
Persistent, clone-forming gametophytes (i.e., in the five families Polypodiaceae, Elaphoglossaceae, 
Hymenophyllaceae, Grammitidaceae and Vittariaceae) are common in tropical, epiphytic habitats. Literature on 
gametophytes of these families has consisted of a relatively few papers which extend little beyond the development 
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and morphological description of the gametophyte (Nayar and Kaur 1971). Research on the evolution of 
morphologies and ecological adaptations of tropical epiphytic gametophytes is very limited. Thus, several of the 
techniques and experiments in this research are completely new. Some worked, and some did not. Questions 
addressed in this research include; 
1. Why do gametophytes of epiphytic species possess persistent, clone-forming growth? 
2. What is it about a tropical epiphytic habitat that has driven evolutionarily unrelated families to 
evolve similar gametophyte growth forms? 
3. What is the role of gemmae? 
Questions such as these led me to Hawaii to observe gametophytes in their natural habitats. 
In Hawaii, these gametophytes were observed growing, with or without associated sporophytes, as mats, 
sometimes extensive ones, with intermixed bryophytes, or often interwoven and tangled within the bryophyte mat 
in epiphytic habitats. These observations led to the first of two hypotheses: 
Hypothesis One: Persistent gametophyte growth forms in ferns evolved to compete with 
bryophytes in the epiphytic habitat by increasing the probability of the gametophytes finding a 
favorable space and/or time for the production of sporophytes. 
Persistent gametophyte growth increases the opportunity for a gametophyte to find a microsite favorable 
for growth and reproduction, as well as to survive longer and wait for the arrival of another gametophyte so that 
outbreeding can occur. The question remains as to whether persistent growth is enough to bring two different 
clones together to facilitate outbreeding, or are epiphytic ferns mostly inbreeders? 
There are two ways to examine the question of whether epiphytic ferns are inbreeders or outbreeders. 
These are examination of the genetic structure of sporophyte populations and examination of biological adaptations 
of the gametophyte that influence breeding systems. The genetic structure of sporophyte populations, as 
determined by enzyme electrophoresis, indicates that most ferns, including epiphytes, are outbreeders (Soltis and 
Soltis 1989,1992; Ranker 1992; Haufler et al. 1995). Biological adaptations, specifically the presence of an 
antheridiogen system, also indicate that epiphytes are outbreeders. An antheridiogen system promotes outcrossing 
by using chemical means to insure that the sexes are separated onto two different gametophytes. All homosporous 
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fem gametophytes have the potential to become bisexual and thus inbreed. Self-fertilization of a bisexual 
gametophyte results in totally homozygous sporophytes, and the possibility of inbreeding depression and 
expression of deleterious alleles. In fem species with antheridiogen systems, the faster-growing gametophytes 
produce only archegonia. They also produce an antheridiogen, which causes slower-growing gametophytes to 
precociously form antheridia. In epiphytic ferns, the presence of an antheridiogen system has been demonstrated 
to exist by culture studies in Polypodiaceae (Welling and Haufler 1993; Chiou pers. comm.), and indirectly by 
observing the formation of antheridia directly on gemmae exposed to mature female gametophytes in Vittariaceae 
(Goebel 1888; Britton and Taylor 1902; Farrar 1974; Emigh and Farrar 1977), Grammitidaceae (Stokey and 
Atkinson 1958; Farrar 1971) and Hymenophyllaceae (Stone 1958; Raine 1994; Dassler and Farrar). 
If outbreeding is the predominant mating system in epiphytic ferns, successful sexual reproduction 
requires two different gametophytes. Does persistent gametophyte growth help to bring gametophytes close 
enough together so that successful interactions can lead to outbreeding? Successful interactions are defined as 
transport of antheridiogen and sperm, leading to fertilization and sporophyte production. Inside the bryophyte mat 
of an epiphytic habitat, the distance between two gametophytes required for successful interactions is increased 
relative to a terrestrial habitat, because antheridiogen and sperm must travel up, down and around stems and leaves 
of bryophytes. Long-lived gametophyte grovrth can eliminate or reduce the separation between gametophytes 
within a bryophyte mat so that outbreeding can occur. However, it cannot eliminate the separation between 
gametophytes on different limbs or on different trees. This is where gemmae become important. 
Gemmae are vegetative propagules that detach from the parent plant (i.e., gametophyte) and grow into 
new gametophytes. When exposed to mature gametophytes with an antheridiogen system, gemmae may fomi 
antheridia directly or soon after developing into a gametophyte. Thus, gemmae can act as new tissue for the 
production of antheridia within or between gametophyte clones. Transportation of gemmae can occur over short 
distances via gravity, wind, water or animals. Dispersal of gemmae allows them to be transported from limb to 
limb and tree to tree. Thus, distant gametophytes may eventually come into interactive range. This leads to the 
second hypothesis: 
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Hypothesis Two: Gametophytic gemmae in ferns may have evolved to facilitate sexual 
reproduction by: 
a. Producing new tissue for antheridia production. 
b. Increasing the opportunity for outcrossing when gametophytes are distant. 
Dissertation Organization 
Both hypotheses presented were examined using various approaches. Several of the methods used are 
unique. Some were successful, and some were not. Each of the testing methods constitutes at least one chapter, 
each formatted like a journal paper with introduction, materials and methods, results and discussion sections. Two 
journal manuscripts have resulted from this research. These are included as separate chapters (Chapters 2 and S). 
The approaches used to test each hypothesis are listed below, along with the reasoning and predictions for each and 
the corresponding Chapter number. 
HYPOTHESIS ONE: Persistent gametophyte growth forms in ferns evolved to compete with bryophytes in 
the epiphytic habitat by increasing the probability of the gametophytes finding a favorable space and/or 
time for the production of sporophytes. 
Approaches Used: 
1. Comparison of gametophyte growth form, longevity and habitat of different fern species. 
These comparisons should find that gametophytes of most epiphytic species are long-lived, 
whereas those of most terrestrial species are short-lived. 
Chapter 1. Gametophyte form, longevity and habitat 
Chapter 2. Significance of form in fern gametophytes: Clonal gemmiferous gametophytes of 
Callistopteris baueriana (Hymenophyllaceae) 
This is a manuscript submitted to the International Journal of Botany 
describing the long-lived gametophytes of the tropical fern, Callistopteris baueriana 
(End!.) Copeland, and the significance of its form in the evolution of gametophyte 
form in the family. 
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2. Comparison of germination and survival of epiphytic and terrestrial ferns in bryophyte mats. 
This study predicts that terrestrial gametophytes and/or resulting sporophytes should not survive 
in bryophyte mats because they cannot compete with the bryophytes in this habitat. Spores of terrestrial 
and epiphytic species from Hawaii were sown on epiphytic bryophyte mats collected from natural 
habitats in Hawaii and maintained in greenhouse culture for the duration of the experiment. 
Chapter 3. Germination and survival of epiphytic and terrestrial fern gametophytes in 
bryophyte mats 
3. Comparison of spore germination and gametophyte development in green-spored species and nongreen-
spored species. 
Two of the three families with indeterminate, gemmiferous gametophytes produce green spores, 
Hymenophyllaceae and Grammitidaceae. The significance of green spores in these families is uncertain, 
but green spores occur mostly in epiphytic species. In addition to the persistent growth form, green 
spores may offer a competitive advantage in the epiphytic habitat by surviving in the dim or dark 
conditions inside the bryophyte mat. The hypothesis is that green-spored species will survive in dim or 
dark conditions better than nongreen-spored species. 
Chapter 4. The significance of green spores in epiphytic ferns 
HYPOTHESIS TWO: Gemmae may have evolved to facilitate sexual reproduction by: 
a) Producing new tissue for antheridia production. 
b) Increasing the opportunity for outcrossing when gametophytes are distant. 
Approaches Used: 
1. Comparison of the percentage of epiphytic fern species with gemmiferous and non-gemmiferous 
gametophytes on islands and mainlands. 
Predictions are that islands should have a decreased percentage of non-gemmiferous species, and 
an increased percentage of gemmiferous species, compared to mainlands. Compared to non-gemmiferous 
species, species with persistent gemmiferous gametophytes have a greater chance of establishment on 
islands because gemmae facilitate outbreeding. Epiphytic species with persistent, but non-gemmiferous 
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gametophytes are disadvantaged on islands because spore dispersal may not result in gametophytes close 
enough for outbreeding to occur. 
Chapter 5. Significance of gametophyte form in long-distance colonization by tropical, 
epiphytic ferns 
This is a manuscript for submission to Systematic Botany. This paper gives 
an expanded explanation and comprehensive literature review for both hypotheses. It 
compares fem floras of 19 islands and 14 mainlands in regard to their proportions of 
gemmiferous and nongemmiferous epiphytic taxa. 
2. Examination of consequences when gene flow via gemmae dispersal is removed and then reinstated. 
Independent gametophytes have been hypothesized to exist because of the asexual ability of 
gemmae to produce new gametophytes (Farrar 1985,1993). They lost the ability to produce sporophytes 
due to loss of gene flow after population isolation. It is predicted that combining isolated populations 
through gemmae interactions will increase variability and result in the renewed production of 
sporophytes. 
Chapter 6. Combining independent gametophyte populations 
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1. GAMETOPHYTE FORM, LONGEVITY AND HABITAT 
Introduction 
Tlie usual concept of the gametophyte generation in ferns is that of a small, heart-shaped and short-lived 
thallus, usually dying in a few months' time whether or not a sporophyte is produced. In fact, much greater 
complexity and variation exist in the growth form and longevity of fem gametophytes. Some gametophytes are 
tuberous, long-lived, subterranean and are not green. The majority are green and live above ground. Among 
these, some are heart-shaped, and some are ribbon-like, strap-like or filamentous. Ribbon-like, strap-like and 
filamentous gametophytes are persistent and clone-forming. Clonal growth can be derived from one or more of the 
following: branching, regeneration or gemmae production. Most green, long-lived gametophytes regenerate 
repeatedly from old thalli. Some have regularly branching apices, and some produce gemmae. This range of 
variation and the correlation of morphological types with certain habitats suggests environmental adaptation. 
Nayar and Kaur (1971) described five growth forms of mature fem gametophytes:, cordate-thalloid, 
ribbon-like, strap-like, filamentous and tuberous. The cordate-thalloid form is usually subcircular in shape with a 
well-differentiated meristem located in a notch at the anterior end. It usually has a thickened midrib and broad 
semi-circular wings on either side consisting of one cell layer in thickness. These gametophytes are described as 
quick-growing, seasonal plants, completing their life cycle in 4 to 8 months, except for some primitive 
homosporous ferns (e.g. Marattiaceae) which are slow-growing and live for several years. Gametangia of the 
cordate-thalloid form are produced ventrally on the midrib, but antheridia may also be produced on the wings. 
Nayar and Kaur state that this growth form is the most common among ferns. 
The ribbon-like growth form is described as a narrow, elongate thallus, with nearly parallel sides, that 
oAen branches laterally. The thallus is one cell layer thick throughout, lacking a midrib and possessing round 
apices devoid of any well-organized meristem. Farrar (1974) has described the meristem as a discontinuous 
marginal meristem, indicating that it is quite well-organized, differing from notched meristems in becoming 
broader and discontinuous (i.e., branching) and not residing in a notch because cells derived from the meristem do 
not appreciably increase in width. Archegonia are located on cushions two to four cell layers thick, either 
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marginally or superficially. Nayar and Kaur (1971) describe the ribbon-like thallus as slow-growing and perennial. 
They state that this type of gametophyte growth occurs in Loxogrammaceae (part of Grammitidaceae), 
Vittariaceae, some Hymenophyllaceae, and some Polypodiaceae. 
A growth form intermediate between the cordate-thalloid and ribbon-like is described as strap-like. The 
thallus is several times longer than broad with nearly parallel sides, but is usually unbranched and possesses a 
notched apex with a "well-defmed meristem" (see discussion above). An ill-differentiated midrib with archegonia 
is usually present. Wagner and Farrar (1976) refer to this as a discontinuous midrib, its production correlating with 
the width and vigor of the apical growth. The strap-like gametophyte form is slow-growing and found in 
Grammitidaceae, some Lomariopsidaceae (i.e., Elaphoglossaceae), and some Polypodiaceae. 
Gametophytes that are filamentous consist of branched uniseriate filaments bearing lateral gametangia. 
They are of indefmite growth and perennial. The filamentous growth form occurs in some Hymenophyllaceae and 
Schtaea (Schizaeaceae). Tuberous gametophytes are subterranean, cylindrical or irregular in shape and very 
slow-growing. Ophioglossaceae, AcUnostachys and Lophidium (Schizaeaceae) and Stromatopleris 
(Gleicheniaceae) possess tuberous gametophytes. 
Based on Nayar and Kaur's (1971) general descriptions of growth form, persistent gametophytes occur 
when gametophytes are tuberous, ribbon-like, strap-like or filamentous. Only cordate-thalloid gametophytes are 
described as short-lived, and as the most common gametophyte growth form in ferns. Nayar and Kaur (1971) 
report that persistent, green gametophytes occur in Hymenophyllaceae, Grammitidaceae, Vittariaceae, 
Lomariopsidaceae (Elaphoglossaceae), some Polypodiaceae and Schizaea (Schizaeaceae). Thus two main 
categories of gametophytes can be defined: those that are short-lived and those that are persistent. If presence or 
absence of gemmae is considered, then three categories for green fern gametophytes can be defined: 
1. Short-lived gametophytes, which are produced by most terrestrial ferns. 
2. Persistent, clone-forming gametophytes lacking gemmae, which are produced by Polypodiaceae and 
Elaphoglossaceae. 
3. Persistent, clone-forming gametophytes possessing gemmae, which are produced by 
Hymenophyllaceae, Grammitidaceae and Vittariaceae. 
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Greater than 80% of epiphytic ferns occur in Hymenophyllaceae, Grammitidaceae, Vittariaceae, 
Polypodiaceae and Elaphoglossaceae (Chapter 5), all reported to have persistent gametophytes. The presence of 
persistent, clonal gametophytes thus is correlated with the epiphytic habitat; persistent, clonal gametophyte growth 
seems to be an adaptation to the epiphytic habitat. 
In moist epiphytic habitats, bryophytes are a ubiquitous presence, forming dense mats typically one to 
several centimeters in depth, on trunks and limbs. Did the persistent, clonal grov^ forms of fern gametophytes 
evolve in response to competition with bryophytes in the epiphytic habitat? Does long-lived, clonal growth 
increase the probability that the fern gametophyte will find a favorable space and/or time for the production of 
sporophytes? To investigate the hypothesis of adaptation of the persistent, clonal gametophyte growth form to 
epiphytic habitats, a survey of gametophyte growth form and longevity, among all ferns for which such 
information exists, was conducted. Original gametophyte observations of various species of epiphytic ferns were 
included in the survey. 
Materials and Methods 
The literature survey for gametophyte form in fern genera and families was taken mostly from Nayar and 
Kaur (1971) (Table 1.2). Their treatment compiled literature on gametophyte morphology up to 1971. Literature 
on gametophyte descriptions since then was added to the survey from various sources. 
In addition to the literature survey, gametophytes of epiphytic ferns were observed in culture and in the 
field and described. Gametophytes observed in culture were collected as spore-bearing sporophytes or as 
sporophyte-producing gametophyte populations by various researchers worldwide and by D. Farrar or myself from 
Hawaii and Colombia, S.A. (table 1.1). Gametophytes collected in the wild were identified by their association 
with young sporophytes. 
Spores of green-spored species were sown fresh from fertile fronds and those from nongreen-spored 
species were dried before sowing. All spores were sown on 0.7% agar with Bold's macronutrients (Bold 1957), 
plus Nitsch's micronutrients (Nitsch 1951), plus 1% iron, and were grown in continuous white fluorescent light of 
3-9 [xmol/m^s (0.18-0.53 % of full sunlight) at approximately 22° C. 
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Table 1.1. List of fern gametophyte taxa newly described herein and source of plants 
Taxon Collector Date collected Location collected Condition observed 
Hymenophyllaceae 
Microgonium cuspidatum 
Vandenboschia davalloides 
Mecodium recurvum 
Grammitidaceae 
Melpomene moniliformis 
Adenophorus hymenophylloides 
Adenophorus montanus 
Adenophorus tamariscinus 
Adenophorus tripinnatifidus 
Adenophorus (Oligadenus) 
pinnatifidus 
Vittariaccae 
Anelium cilrifolium 
Polytaenium cajenense 
Vaginularia paradoxa 
Polypodiaceae 
Lepisorus thunbergianus 
Pofypodium pellucidum 
Elaphoglossaceae 
Elaphoglossum sp. 
T. Ranker ? 
D. Farrar March 25, 1993 
C. Dassler July 1992 & 
& D. Farrar March 1993 
C. Dassler July 8,1994 
D. Fanar March 29, 1990 
C. Dassler August 7,1992 
& D. Farrar 
la Reunion gametophytes in culture; 
sown from spores 
Puu Makaala, Hawaii gametophytes in culture; 
sown from spores 
Hawaii gametophytes from epiphytic 
bryophyte mats in field 
Guasca, Cundinamarca, 
Colombia 
Manuka, Hawaii 
Flum trail, Maui, 
Hawaii 
D. Farrar March 25, 1993 Kilauea, Hawaii 
D. Farrar August 17,1992 PuuKoleKole, 
Molokai, Hawaii 
C. Dassler August 13,1992 
& D. Farrar 
D. Farrar March 19,1993 
D. Farrar August 17,1992 
D. Farrar August 17,1992 
N. Crane June 26,1993 
N. Crane June 26,1993 
L. Raulerson June 26,1993 
Pali Lookout, Oahu, 
Hawaii 
Mount Kaala, Oahu, 
Hawaii 
Puu KoleKole, 
Molokai, Hawaii 
Molokai, Hawaii 
Costa Rica 
Costa Rica 
Ponape 
D. Farrar August 17,1992 Molokai, Hawaii 
D. Farrar August 19,1992 1969 lava flow, 
Hawaii 
gametophytes from bryophyte 
mats on humus, rocks in field 
gametophytes from epiphytic 
bryophyte mats in field 
gametophytes in culture; 
sown from spores 
gametophytes from epiphytic 
bryophyte mats in field 
gametophytes from epiphytic 
bryophyte mats in field 
and gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes from epiphytic 
bryophyte mats in field 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
gametophytes in culture; 
sown from spores 
C. Dassler July 7,1994 Guasca, Cundinamarca, gametophytes from epiphytic 
Colombia bryophyte mats in field 
Table 1.2. Comparison of gametophyte growth form' and habitat in fern taxa 
Mature 
Longevity''' Gemmae Taxon^ Habitat' form Notes' 
Hymenophyllaceae (34) mostly E, sometimes Tr or Ru R.F P + profusely branched 
Ampliiplerum ?sometimes Ru, rarely Tr? R P 2-dimensional, plate-like 
Hymenophyllum E, Ru R P 2-dimensional, plate-like 
Mecodium E,Tr,Ru R P 2-dimensional, plate-like Nayar and Kaur 1971; as described herein 
Meringium E R P 2-dimensional, plate-like 
Sphaerocionium E, Ru R P 2-dimensional, plate-like 
Crepidomanes E F P I-dimensional, filamentous 
Crepidopteris E,Ru F P 1-dimensional, filamentous 
Dicfymoglossum E F P 1-dimensional, filamentous 
Macroglena E,Tr F P 1-dimensional, filamentous 
Polyphtebium E F P 1-dimensional, filamentous 
Selenodesmium Tr F P 1-dimensional, filamentous 
Trichomanes Tr F+R P 1-dimensional, filamentous Farrar 1968 
Microgonium E, Ru F P 1-dimensional, filamentous Raine 1994; as described herein 
Vandenboschia E, Ru F P 1-dimensional, filamentous Nayar and Kaur 1971; as described herein 
Gonocormus E,Ru F P 1-dimensional, filamentous Yoroi 1972 
Callislopleris E,Tr R P 1-dimensional, Tilamentous Oassler and Farrar 
Cardiomanes E,Tr,Ru R P ? 
Apteropteris E R P I-dimensional, iilamentous 
Microtrichomanes E F P 1-dimensional, filacmentous 
Grammitidaceae (10) usually E S,R P + 
Grammilis usually E, Tr, Ru S P fragmentation of filaments progressively broader towards anterior end 
Ctenopleris E, sometimes Ru s P fragmentation of filaments progressively broader towards anterior end 
Xiphopleris E s P fragmentation of filaments progressively broader towards anterior end 
Adenophonts E, sometimes Tr s P fragmentation of filaments Bishop 1989; as described herein 
Melpomene E,Tr,Ru s P ? as described herein 
Loxogramme usually E, Ru R P unicellular, marginal, from stalks of profusely branched, plate-like mass. 
multicellular hairs regenerate Trom old thalli 
Information obtained from Nayar and Kaur (1971) unless otherwise indicated in the notes. 
Higher taxonomic categories and genera mostly follow Crabbe, Jermy and Mickel (1975); some of their subfamilies are elevated to family here; 
some taxa synonomized fay them are retained here to maintain indications of gametophyte diversity. ( ) = approximate number of genera in family. 
Bold-faced lines = summary of family or subfamily. 
Habitat: E = epiphytic, H = hemiepiphytic, Tr = terrestrial, Ru = rupestral, A = aquatic; information from floras listed in methods. 
Mature form: CT = cordate-thalloid, F = filamentous, R = ribbon-like, S = strap-like. 
Longevity: SL = short-lived, P = persistent. 
Gemmae: + = gemmae present, - = gemmae absent, ? = likely, but not observed. 
Table 1.2. (continued) 
Mature 
Taxon^ Habitat^ form '•'* Longevity 
Viltariaceae (10) mostly E R P 
Anirophyum E, sometimes Ru R P 
Villaria E, rarely Ru or Tr R P 
Radiovillaria E R P 
Anetium E, sometimes Ru R P 
Polytaenium E, sometimes Ru R P 
yaginularia E R P 
Ananlhacorus E R P 
Hecistopteris E, rarely Ru R P 
Klonogramma E, Ru R? P 
Polypodiaceae (40) mostly E, sometimes Tr or Ru CT, S, R SL or P 
Platycerioideae mostly E, rarely Tr CT SL, mature in 8-12 
months 
Platycerium E CT SL 
Drymoglossum E CT SL 
Pyrrosia mostly E, rarely Tr CT SL 
Pleopeltldoldeae mostly E, sometimes Ru CT, S SL, mature in 6-9 
months, or P 
Lemmaphyllum E CT SL 
Lepisorus E, rarely Ru S P 
Pleopetlis E, sometimes Ru CT SL 
Weatherbya E CT SL 
Belvisia E CT SL 
Microgramma E,Ru S P 
Polypodioideae E, Tr, Ru S,CT PorSL 
Polypodium E, Tr, Ru S, CT PorSL 
Campyloneuron usually E, rarely Tr or Ru S, CT P 
Phlebodium E S P 
Microsorioideae mostly E, sometimes Tr or Ru, R,S,CT PorSL 
rarely H 
Arlhromeris E, Ru, Tr CT SL 
Chrisliopleris E R P 
Colysis E R P 
Crypsinns E CT SL 
Dendroglossa Ru, Tr, H R P 
Gemmae Notes' 
filamentous, single 
fllamentous, paired 
filamentous, single or plate-like 
filamentous, paired 
spindle-shaped, paired 
fllamentous, single 
fllamentous, single 
filamentous 
+/-
Farrar 1974; Crane 1995 
as described herein 
as described herein 
as described herein 
Farrar 1974 
Goebel 1896 
Goebel 1888 
broader than long 
small, broader than long 
older gametophytes sometimes branched, 
Nayar and Kaur 1971; as described herein; 
Chiou pers. comm. 
small, broader than long 
small, broader than long 
small, broader than long 
highly branched; Chiou pers. comm. 
Nayar and Kaur 1971; as described herein 
strap-like thalii are highly branched, Chiou 
pers. comm. 
Chiou pers. comm. 
some CT slightly elongate with age 
unicellular, dumbbell-shaped 
unicellular, dumbbell-shaped 
unicellular, dumbbell-shaped 
broader than long 
regenerate firom old thalli 
regenerate from old thalli 
broader than long 
regenerate from old thalli 
Table 1.2. (continued) 
Mature 
Taxon^ Habitat' form Longevity '•' 
Kaulinia ? R P 
Leplochilus E. Ru R P 
Microsorium E, Tr, Ru CT SL; 1 year 
Paraleptochilus E,Ru R P 
Selliguea E S P 
Drynarioideae mostly E, sometimes Ru CT SL 
Aglaomorpha E, sometimes Ru CT SL; 1 year 
Drynariopsis E, sometimes Ru CT SL; 1 year 
Merinthosonis E CT SL; I year 
Pholinopteris E, rarely Ru CT SL; 1 year 
Pseudodrynaria E, sometimes Ru CT SL; 1 year 
Elaphoglossaceae (3) E, Tr, Ru S P; 3-S years 
Elaphoglossum E, Tr, Ru S P 
Peltapteris E S P 
Ophioglossaceae (5) Tr,E T P 
Helmimhostachys Tr T P 
Ophioglossum Tr,E T P 
Bolrychium Tr, rarely E T P 
Marattiaceae (7) Tr CT P 
MaratHa Tr CT P 
Macroglossum ? CT P 
Angiopleris Tr CT P 
Archangiopteris Tr CT P 
Danaea Tr CT P 
Osmundaceae (3) Tr CT P 
Leptopleris Tr CT P 
T^ea Tr CT P 
Osmunda Tr CT P 
Plagiogyriaceae(l) 
Plagiogyra Tr CT SL 
Schizaeaceae (3) Tr T,F P 
Lopbidium Tr T P 
Schizaea Tr F P; >13 years 
AcUnostachys Tr T P 
Gemmae '•' Notes' 
unicellular, dumbbell-shaped 
unicellular, dumbbell-shaped 
unicellular, dumbbell-shaped 
regenerate from old thalli 
regenerate from old thalli 
regenerate from old thalli 
Nayar and Kaur 1971; as described herein; some 
species highly branched, Chlou pers. comm. 
fleshy, subterranean, sapprophytic 
massive, fleshy, slightly elongate 
large and elongated when old, heavy mid-rib 
large, longer than broad 
jointed, highly branched, subterranean 
above-ground or subterranean 
unbranched, subterranean 
Table 1.2. (continued) 
Mature 
Longevity '•' Taxon^ Habitat^ form 
Anemiaceae (2) Tr CT SL 
Mohria Tr CT SL 
Anemia Tr CT SL 
Parkeriaceae (1) 
Ceralopleris Tr,A CT SL 
Pteridaceae (S) Tr, sometimes Ru or A CT SL 
Acrostichum Tr,A CT SL 
Pteris Tr, sometimes Ru CT SL; 3-6 months 
Adiantaceae (47) Tr, Ru CT SL 
Aclinopleris Ru CT SL 
Adiantum Tr.Ru CT SL 
Aleurilopterh Tr,Ru CT SL 
Anogramma Tr CT SL 
Cheilanlhes Tr.Ru CT SL 
Coniogramme Tr CT SL 
Doryopleris Tr,Ru CT SL 
Gymnopleris Tr.Ru CT SL 
Hemionilis Tr, sometimes Ru CT SL 
Notholaena Tr.Ru CT SL 
Onychium Tr.Ru CT SL; 3-6 months 
Pellaea Tr.Ru CT SL 
Pityrogramma Tr CT SL 
Syngramma Tr CT SL 
Taenilis Tr.Ru CT SL 
Cyatheaceae (8) Tr CT P 
Cyalhea Tr CT P, 2-6 years 
Alsophila Tr CT P, 2-6 years 
Hemilelia Tr CT P, 2-6 years 
Dicksonia Tr CT P 
Cysloditim Tr CT P 
Lophsoriaceae (1) 
Lophosoria Tr CT P, 2-6 years 
Gemmae''' Notes' 
elongate, massive midrib 
one-sided 
thin midrib, unequal wings 
distinct midrib 
distinct midrib 
prominent midrib, broad wings 
gametophytes of/f. leptophylla are perennial, 
producing annual sporophytes 
prominent midrib, broad wings 
prominent midrib, broad wings 
prominent midrib, broad wings 
prominent midrib, broad wings 
prominent midrib, broad wings 
distinct midrib 
prominent midrib, broad wings 
distinct midrib 
irregularly lobed, terminal meristem on each 
lobe, often assymetric, may branch when old 
elongate with age, heavy midrib 
elongate with age, heavy midrib 
elongate with age, heavy midrib 
broader than long, midrib massive with age 
broader than long, midrib massive with age 
elongate with age, heavy midrib 
Table 1.2. (continued) 
Mature 
Taxon^ Habitat' form Longevity 
Thyrsopteridaceae (3) Tr CT P 
Cibolium Tr CT P 
Thyrsopteris Tr CT ? 
Culcila Tr CT P 
Dennstaedliaceae (20) Tr, rarely Ru CT SL 
Dennslaedlia Tr, rarely Ru CT SL 
Microlepa Tr, rarely Ru CT SL 
Hisliopteris Tr CT SL 
Hypolepis Tr CT SL 
Pleridium Tr CT SL 
Lindsaeaceae(8) Tr, Ru, rarely E CT SL 
Lindsaea E, Tr, Ru CT SL 
Odontosoria Tr.Ru CT SL 
Sphenomeris Tr CT SL 
Schizoloma Tr,Ru CT SL 
Aspleniaceae (60) Tr, Ru, rarely E CT SL 
Asplenioideae Tr, Ru, sometimes E CT SL 
Asplenium Tr, Ru, E CT SL 
Ceterach Tr,Ru CT SL 
Camptosorus Ru CT SL 
Diellia ? CT SL 
Pleurosonis Ru CT SL 
Pliyllilis Tr CT SL 
Athyrioideae Tr, Ru, rarely E CT SL 
Alhyrittm Tr.Ru CT SL 
Cyslopleris Tr,Ru CT SL 
Diplaiium Tr, sometimes Ru, rarely E CT SL 
Hemidictyum Tr CT SL 
Hypodematium Ru CT SL 
Malleucia Tr CT SL 
Onoclea Tr CT SL 
Pentarhizidium Tr CT SL 
Woodsia Tr.Ru CT SL 
Notes' 
broader than long, massive midrib, may fork, 
sometimes elongated, branched when older 
elongated, wide, thick midrib 
elongated, wide, thick midrib 
broad wings 
sometimes strap-like to >3cm when older, 
sometimes branched 
sometimes strap-like to >3cm when older, 
sometimes branched 
Table 1.2. (continued) 
Mature 
Taxon Habitat form 1.4 Longevity 
Dryopteridoideae 
Acrophorus 
Arachnioides 
Cyrtomium 
Diacalpe 
Lithostegia 
Peranema 
Polystichum 
Tectarioideae 
Cydopehis 
Didymochlaena 
Pteridrys 
Quercifilix 
Tectaria 
Oleandraceae (4) 
Neplirolepis 
Oleandra 
Arlliropteris 
Davalliaceae(ll) 
Davallia 
Leucoslegia 
Scyphularia 
Araiostegia 
Davallodes 
Humata 
Thelypteridaceae (28) 
Thelypteris 
Lastrea 
Cyclosonis 
Abacopteris 
Ampelopteris 
Goniopleris 
Bleclinaceae (10) 
Btechnum 
Brainea 
Doodia 
Sadleria 
Tr, Ru CT 
Tr CT 
Tr CT 
Tr, Ru CT 
Tr CT 
? CT 
Tr CT 
Tr, Ru CT 
Tr, Ru CT 
Tr, Ru CT 
Tr CT 
Tr, Ru CT 
Tr CT 
Tr, Ru CT 
Tr, Ru, E, H, CT 
Tr, Ru, E CT 
Tr, Ru, H, E CT 
E, H. Tr, Ru CT 
mostly E, sometimes Tr and Ru CT 
E, Tr, Ru CT 
mostly E, Tr CT 
mostly E CT 
mostly E CT 
mostly E CT 
mostly E CT 
Tr, Ru CT 
Tr, Ru CT 
Tr CT 
Tr CT 
Tr, Ru CT 
Tr CT 
Tr CT 
Tr, sometimes Ru, E or H CT 
Tr, Ru, sometimes E or H CT 
Tr CT 
Tr CT 
Tr CT 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
SL 
Gemmae Notes' 
broader than long, light midrib 
can continue to grow after maturity, elongate 
Table 1.2. (continued) 
Taxon^ Habitat' 
Mature 
form Longevity Gemmae Notes' 
Slenochlaena H CT SL 
Woodwardia Tr, rarely Ru CT SL 
-
Loxsomaceae (2) Tr CT SL 
-
longer than broad 
Loxsoma Tr CT SL . 
Loxsomopsis Tr CT SL 
-
Gleicheniaceae (4) Tr CT P 
-
elongate with age 
Dicranopleris Tr CT P -
Hicriopteris Tr CT P -
Gleichenia Tr CT P -
Sticherus Tr CT P 
-
Stromatopteridaceae (1) Tr T P -
Siromalopteris Tr T P 
-
Bierhoist 1971 
Matoniaceae (2) 
Malonia Tr CT SL 
-
longer than broad 
Cheiropleuriaceae (1) 
Cheiropleuria Tr CT SL 
-
elongate, massive 
Dipteridaceae (2) Tr CT P, to 7 years 
-
becoming nearly strap-shaped 
Dipleris Tr CT P -
Hollumiella Tr CT P 
-
Lomariopsidaceae (7) Tr,Ru,H R, S,CT PorSL 
-
some elongate with age 
Lomariopsis Tr, Ru, H R,S P - form dependes on light intensity, Farrar pers. 
comm. 
Bolbilis Tr, Ru, H CTtoS P - CT thalli with gametangia develop into highly 
branched, strap-shaped thalli; Chiou pers. comm. 
Egenolfla Ru S P - highly branched, each branch with a midrib; 
Chiou pers. comm. 
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Information on habitats of genera and femilies in the survey was taken from various floras (Copeland 
1938; Glassman 1952; Holttum 1954; Crookes 1963; DeVol et al. 1975; Proctor 1977; Holttum and Hennipman 
1978; Tagawa and Iwatsuki 1985, 1989; Ttyon and Tryon 1982; Schelpe and Anthony 1986; Mickel and Beitel 
1988; Piggott and Piggott 1988; Brownsey and Smith-Dodswrorth 1989; Lellinger 1989; Parris et al. 1992; Smith 
1993). The term hemiepiphytic is used to refer to plants rooted in the ground, but climbing trees. 
Results 
Gametophytes of all epiphytic fem species observed in culture and from bryophyte mats taken from the 
field were long-lived and clonal, and ribbon-like, strap-like or filamentous. This information was added to the 
survey comparing gametophyte form, longevity and habitat (table 1.2). Gametophyte descriptions for epiphytic 
species from culture and field bryophyte mats follow. 
Microgoniunt cuspidatum (Willd.) Presl. Gametophytes (fig. 1.1) are tiny, highly branched filaments that 
form dense clonal clumps in culture. Cells of the filaments are long and narrow. Rhizoids are tan to hyaline-
tan, short to somewhat long and occasionally branched at the tip. Antheridia and archegonia were not found. 
Gemmae are filamentous and slightly bent at the center. They are composed of four cells, two of which are 
rhizoid primordia, one at each end of the gemmae. Gemmae are formed at the tips of bottle-shaped 
gemmifers which occur at the tip or on the sides of filaments. 
Vandenboschia davalloides (Gaud.) Copeland. Gametophytes (fig. 1.2A-D) consist of relatively large, 
highly branched filaments that form clonal, carpet-like growth in culture. Cells of the filaments are 
cylindrical-elongate. Rhizoids are short, hyaline-brown and arise from the center of a filament cell. 
Antheridia are round and composed of five cells: a basal cell, two ring cells which may be divided, an 
opercular cell and a cap cell. They are centrally attached to cells of the filament. Archegonia and gemmae 
were not observed. 
20 
Figure 1.1. Gametophytes of Microgonium cuspidatum from culture. A, Clonal growth of filaments. 
B, Filamentous, branched growth form, with developing gemmae (arrow), gemmae, and gemmifers. 
C, Pair of bottle-shaped gemmifers. D, Typical gemma composed of four cells, two of which are 
rhizoid primordia. E, Pair of gemmae attached to gemmifers. 
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Figure 1.2. Gametophytes of Vandenboschia davalloides from culture, and Mecodium recurvum from field. 
A-D, Vandenboschia davalloides. A, Filamentous growth form. B, C, Antheridia. B, Optical cross-
section. Note antheridium is composed of five jacket cells. C, Note division in ring cell (arrow). D, 
Filaments with antheridia (arrow) and rhizoids. E, Mecodium recurvum. Two-dimensional, plate­
like gemma on moss leaf in bryophyte mat. 
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Mecodium recurvum (Gaud.) Copeland. Gametophytes (fig. 1.2E) are branched and ribbon-like with a 
meristem terminating each branch. The thallus is one cell layer thick and lacks a midrib. Cells along the 
margin are often sclerified and brown throughout. Rhizoids are brown to reddish-brown and produced 
marginally. Antheridia are also formed on marginal cells. Archegonia were not found. Gemmae are two-
dimensional and plate-like with a rounded apex and auriculate base. They are attached to round gemmifers 
found on the apex of thallus branches. 
Melpomene moniliformis (Lagasca ex Sw.) A.R. Smith and R.C. Moran. Gametophytes (fig. 1.3) were found 
toward the top portion of a biyophyte mat, approximately 5mm below the surface of the 1cm deep mat. 
They are strap-like with a cordate apex, unbranched, one cell layer thick, wider toward the apex and have 
wavy margins. Hairs were not found. Rhizoids are brown to reddish-brown, marginal, ventral or 
occasionally dorsally located. Antheridia and archegonia occur on a separate thalli. Antheridia are found 
behind the notch of the apex or occasionally along the thallus margins. They are composed of four cells, a 
broad stalk cell, two ring cells and a cap cell. Archegonia are found ventrally along the center of the thallus 
behind the notch of the apical meristem. Gemmae were not observed. 
Adenophorus spp. Gametophytes (figs. 1.4 -1.7) develop from green trilete spores that are 32-80 ^m in 
diameter and often divide into 2 or 3 cells before release from the sporangium (fig. 1.4A, B). Germination is 
somewhat variable between and within species, but there are some commonalities in all (fig. 1.4C-F). 
Gametophyte development is slow. One month after sowing, a 4-8-celled filament was average, and after 7.5 
months, only two of the five species observed were producing thalli plates from filaments. The filamentous 
stage of gametophyte development is prolonged. As a result, filaments are long and may branch before 
producing a thallus plate. Rhizoids tend to be formed after the filament has begun. Uhimately, an 
unbranched or branched filament is produced, and this then forms one or more thallus plates which develop 
into the mature gametophyte. 
Figure 1.3. Gametophytes of Melpomene moniliformis from field. A, Gametophyte in top layer of 
bryophyte mat. B, Antheridium composed of four jacket cells. Note broad stalk. C, D, Typical strap­
like growth form. Note line of archegonia in central part of thallus in D. 

Figure 1.4. Spores and developing gametophytes of Adenophorus. A, Spores of A- pinnatifidus. Spore coat is 
unruptured in the two on the right. B, Spore of Ai hvmenophvUoides with spore coat cracked, 
showing two cells of divided spore. C-F, Developing gametophytes. C, A. tripinnatifidus filament, 6 
weeks after sowing. D, E, A- montanus. D, Filament with thallus plate 6.5 weeks after sowing. E, 
Long, branched filament 7.5 months after sowing. F, A. pinnatifidus filament with thallus plate 7.5 
months after sowing. 
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Figure 1.5. Gametophyte growth form and hairs of Adenophorus. A-D, Growth form. A, A. hvmenophvlloides 
from field. B, A- montanus from field. C, D, A- tamariscinus from field. C, Note central line of 
archegonia. D, Larger strap-like thallus with archegonia and smaller, ribbon-like thallus with 
antheridia. E,F, Hairs on margin of thallus. E. A. hvmenophvlloides from field. F. A. tamariscinus 
from field. 
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Figure 1.6. Gemmae and marginal cells of Adenophorus hvmenophvlloides gametophytes from field. A, Thallus 
apex with filaments of gemmae intermixed with hairs. B, Filaments of gemmae attached to marginal 
cell. Note that gemma filament branches and that more than one filament is produced from one 
marginal cell. C, Detached gemma filament. D, Individual gemma cells. Note scars lefr from 
attachment to other gemma cells in filament. E, F, Marginal cells after gemmae detachment. Note 
scars left by attachment of gemmae filaments. 

Figure 1.7. Diagrammatic representation of gemmae development in Adenophorus gametophytes. g = gemma cell; gf = gemmiferous filament; h = hair; 
mc = marginal cell which has produced gemmae or gemmiferous filaments. 
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The mature thallus is glisteny-green with a golden sheen, strap-like, with or without a well-defined 
notched apex, and usually unbranched, but occasionally branched (fig. 1.5A-D). It is one cell layer thick and 
a midrib is usually not present, except for when archegonia are present. New lateral lobes can form, 
especially if the old apex is damaged. Rhizoids are brown, usually marginal, but also occur on the thallus 
surface intermixed with archegonia. Hairs are present on the margins and surface of the thallus (fig. 1.5E, F). 
Most are unicellular, clavate, golden-brown, filled with an oil, and curved toward the apex. 
Antheridia may or may not be on the same thallus as the archegonia. If alone, they may be on large or 
small thalli (fig. 1.5D). They are stalked and composed of three cells. Archegonia are found on 
discontinuous thickened areas of the central part of the thallus. 
Gemmae are produced regularly on the margin towards the apex of large to sometimes very small thalli, 
and are intermixed with hairs (figs. 1.6 A, B, 1.7). They are composed of filaments of cells which break apart 
individually or in small groups (fig. 1.6C, D) and are formed by the thallus apex after hair initiation, often on 
the same marginal cell as a hair. Marginal cells which produce gemmae are not differentiated into 
gemmifers, but instead remain as an integral part of the margin (fig. 1.6E, F). Gemmae filaments grow by 
division of an apical cell in a budding-like process (fig. 1.7). More than one filament may be produced by 
each marginal cell and filaments may branch. 
Anetium citrifolium Splitg. Gametophytes (fig. 1.8) are ribbon-like, branched thalli with a meristem at the 
apex of branches. The thallus is one cell layer thick and lacks a midrib. Horizontal branches grow along the 
substrate and remain meristematic, while vertical branches produce gemmae at the tips. Branch apices 
nanow as gemmae are produced, but they continue to produce thallus tissue, displacing gemmae to a 
subapical position. Lateral branches are formed by dedifferentiation of marginal cells and are marginally 
attached by a connection of one to two cells. Rhizoids are hyaline to hyaline-brown and formed on the 
thallus surfaces or produced marginally. Antheridia and archegonia were not found. Gemmae project 
outward from the margin of the thallus apex. They are spindle-shaped filaments which are paired, with the 
second gemma attached perpendicularly to the first The second gemma is attached by its central cell to the 
Figure 1.8. Gametophytes of Anetium citrifolium from culture. A, B, Ribbon-like gametophytes showing 
nongemmiferous, meristematic branches growing horizontally and gemmae-producing branches 
growing vertically. C, One gametophyte showing branching of ribbon-like growth form and 
abundant gemmae production. D, Pairs of gemmae at tip of thallus branch. E, Gemmae pairs 
attached to gemmifers on thallus margin. F, Apex of branch showing new branch formed from old 
apex after gemmae production. G, Pair of gemmae attached to round gemmifer. H, Detached 
gemmae pair. Each gemma is composed of 6-8 cells, two of which are rhizoid primordia at gemma 
ends. 
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penultimate cell of the first gemma. They are densely packed with chloroplasts and are usually composed of 
6-8 cells, two of which are rhizoid primordia, one at each end. Gemmifers are round to triangular-oval, 
broader than high. There is more than one gemmae pair produced by each gemmifer. The gemma is 
attached to the gemmifer by the penultimate cell behind the rhizoid primordium. Gemma germination begins 
with one or both rhizoid primordia developing rhizoids. This is followed by the formation of a thallus plate 
from any one of the green gemma cells. 
Polytaenium cajenense (Desv.) Benedict. Gametophytes (fig. 1.9) are much branched, ribbon-like thalli with 
a meristem terminating the apex of each branch. Thalli are one ceil layer thick and lack a midrib. Branches 
grow upright, even when young, are often curved laterally and have upturned margins. Regeneration occurs 
by detachment of marginal or submarginal branches attached by connections from 1-8 cells. Rhizoids are 
hyaline to hyaline-tan and are found ventrally or marginally. Antheridia, located on large thalli or small 
branches along the margin or on the ventral surface of the thallus, are round to round-elongate and composed 
of three cells. Archegonia were not found. Gemmae are found at the apices of branches. They are paired, 
end to end, parallel to each other and are spindle-shaped and usually composed of four cells densely packed 
with chloroplasts. One rhizoid primordium is formed on one or both ends of each gemma. One or more 
pairs of gemmae are attached to a round gemmifer by the terminal cell of the first gemma. 
Vaginulariaparadoxa (Fee) Mett. Gametophytes (fig. 1.10) are highly branched, ribbon-like thalli with erect 
branches and a meristem terminating each branch. They are one cell layer thick and lack a midrib. When the 
meristem divides, it produces a dominant leading branch and a shorter branch. Shorter branches are 
produced on both sides of the meristem. Rhizoids are hyaline to hyaline-brown and occur along the margins 
or on the central portion of the thallus. Antheridia are abundant, marginal or ventral, often clustered on small 
branches or in patches along the margin. They are round to round-elongate and composed of three cells. The 
ring cell of the antheridia possesses a lateral division. Archegonia were not observed. Gemmae terminate 
branch tips. They are filamentous, not paired and usually comprised of 10-12 cells, two of which are rhizoid 
Figure 1.9. Gametophytes of Polvtaenium cajenense from culture. A, Clonal growth of ribbon-like thalli. B, D, 
Optical cross-section of antheridium. C, One gametophyte showing branching of ribbon-like thallus. 
E, Gemmae pairs attached to round gemmifers on margin of thallus. F, Five-celled, detached 
gemma with one rhizoid primordium. 
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Figure 1.10. Gametophytes of Vaginularia paradoxa from culture. A, B, Branching, ribbon-like growth form. 
A, Many gametophytes on agar. B, One gametophyte with gemmae at apices of some branches. 
C, Gemma after detachment from gemmifer. Gemma is composed of 11 cells, including a rhizoid 
primordium on each end. D, Cluster of antheridia on margin of thallus. 
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primordia, one formed at each end. Gemmae are attached to round or ovate gemmifers by a rhizoid 
primordium. More than one gemma is attached to each gemmifer. 
Elaphoglossum spp. Gametophytes (fig. 1.11) are strap-like with a notched apex. They are usually 
unbranched, one cell layer thick, without a midrib and have wavy margins. Hairs are scattered marginally or 
on the central part of the thallus. They are unicellular, stiff, short and often bulbous at the apex which is 
covered with a secretion. Rhizoids are brown to reddish-brown and located along the margins or on the 
central part of the thallus. Antheridia are found mostly on the central portion of the thallus, often intermixed 
with archegonia. They are round, have a narrow stalk and are composed of three cells. Archegonia occur on 
a thickened pad of cells in the central portion of the thallus. The archegonial neck consists of 4-7 tiers of 
cells. Gemmae were not found. 
Lepisorus thunbergianus (Kaulf) Ching. Gametophytes (fig. 1.12) are cordate, cordate-elongate to strap-
like, with a notched apex. They are unbranched and have upright, wavy margins and a central, thick midrib. 
Short, unicellular, glandular hairs are widely spaced along the margins, especially toward the apex. Rhizoids 
are hyaline to hyaline-brown and found marginally and on both thallus surfaces. Antheridia are located on 
the same thallus as archegonia, but more distal from the apex and not on the midrib. They are round to oval 
and composed of three cells (rarely four). Archegonia are found along the midrib behind the apex. They 
have necks which consist of four tiers of cells. Gemmae were not found. 
Polypodium pellucidum Kaulf Gametophytes (fig. 1.13) are strap-like with a notched apex. They are 
usually unbranched, but occasionally many narrow branches arise from the strap-like thallus. Unicellular, 
glandular hairs are found along the margins or on the central portions of the thallus. Rhizoids are hyaline to 
hyaline-brown and are marginally or centrally located. Antheridia were not found. Archegonia are located 
behind the apex and are composed of four tiers of neck canal cells. Gemmae were not found. 
Figure 1.11. Gametophytes ofElaphoglossutn sp. from culture. A, Strap-like growth form. B, Archegonial neck 
from central part of thallus. Note hairs on thallus around archegonium (arrow). C, Stiff, short hairs 
on margin of thallus. D, Optical cross-section of antheridium on central portion of thallus. 
Antheridium is composed of three jacket cells. 
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Figure 1.12. Gametophytes of Lepisorus thunbergianus from culture. A, Strap-like growth form. Note 
archegonia along central midrib. B, Cluster of antheridia on thallus surface. C, Cordate-elongate 
growth form. Note archegonia along central midrib. D, Antheridia, one composed of three 
jacket cells, the other of four jacket cells. E, Glandular hairs near apex. F, Cordate growth form. 
Note archegonia on central midrib. G, Archegonia with four tiers of neck cells. 
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Figure 1.13. Gametophytes of Polypodium pellucidum from culture. A, Strap-like growth form. B, Archegonia 
on central portion of thallus behind apical notch. Note glandular hairs mixed with rhizoids and 
along margin of thallus.C, Range of growth form, strap-shaped to nearly ribbon-like in length. 
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After including information from the descriptions presented here and from recent literature, the survey 
comparing gametophyte form, longevity and habitat showed some general trends, but also some exceptions (table 
1.2). Most taxa with tuberous, persistent gametophytes occur in terrestrial habitats. These include 
Helminthostachys and Botrychium of Ophioglossaceae, Lophidium and Actinostachys of Schizaeaceae, and 
Stromatopteris of Stromatopteridaceae. The exception to this trend occurs in Ophioglossum (Ophioglossaceae), in 
which some species are terrestrial and some are epiphytic. 
Most ferns possessing cordate-thalloid, short-lived gametophytes are terrestrial (including also rupestral, 
hemiepiphytic and aquatic). They are found in Plagiogyriaceae, Anemiaceae, Parkeriaceae, Pteridaceae, 
Adiantaceae, Dennstaedtiaceae, most Lindsaeaceae, most Aspleniaceae, some Oleandraceae, Thelypteridaceae, 
most Blechnaceae, Loxsomaceae, Matoniaceae, and Cheiropleuriaceae and possibly some Lomariopsidaceae. Two 
exceptions occur in this trend. First, some terrestrial ferns possess cordate-thalloid gametophytes which are 
persistent. Terrestrial taxa possessing this type of gametophyte include Marattiaceae, Osmundaceae, Cyatheaceae, 
Lophosoriaceae, Thyrsopteridaceae, Gleicheniaceae, Dipteridaceae and Anogramma leptophylla (Adiantaceae). 
Also, some Lomariopsidaceae possess strap-like or ribbon-like, persistent gametophytes. The second exception to 
the general trend for cordate-thalloid gametophyte growth form is that some taxa possessing this type of short-lived 
gametophyte are epiphytic. Polypodiaceae is the largest exception of this type. Cordate-thalloid, short-lived 
gametophytes in epiphytic habitats occur in the Platycerioideae, some Pleopeltidoideae, some Polypodioideae, 
some Microsorioideae, and Drynarioideae of the Polypodiaceae, as well as in most Davalliaceae, some 
Oleandraceae, Lindsaea (Lindsaeaceae), Diplazium and Asplenium (Aspleniaceae), and Blechmm (Blechnaceae). 
Persistent green gametophyte growth forms, ribbon-like, strap-like and filamentous, in general occur in 
those ferns that are principally epiphytic. Long-lived, green gametophyte forms occur in all members of the 
Hymenophyllaceae, Grammitidaceae, Vittariaceae and Elaphoglossaceae. Some species of these four families 
deviate from the general trend correlating long-lived, green gametophytes with the epiphytic habitat in that some 
are terrestrial or rupestral, the greater number of deviations occurring in Hymenophyllaceae and Elaphoglossaceae. 
Schizaea (Schizaeaceae) has long-lived, filamentous gametophytes, but most species are terrestrial. In 
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Polypodiaceae, persistent gametophytes occur in some genera of Microsorioideae, Polypodioideae, and 
Pleopeltidoideae. Most of them are epiphytic, but a few are rupestral or terrestrial. 
Gemmae are found only on green gametophytes with long-lived growth forms. They occur in 
Hymenophyllaceae, Grammitidaceae, Vittariaceae and a few Polypodiaceae. 
Discussion 
Descriptions of gametophytes represented here are similar to previous literature on gametophytes of 
related taxa (table 1.2). Several general trends are found in the survey of fern gametophyte growth forms, 
longevity and habitat. The first trend is that taxa with tuberous, persistent gametophytes are found in terrestrial 
habitats. This agrees with Nayar and Kaur's (1971) definition of tuberous gametophytes as being non-
photosynthetic and underground, although some are epiphytic. 
A second general trend from the survey is that green, short-lived, cordate-thalloid gametophytes are 
terrestrial (including also rupestral, hemiepiphytic and aquatic). This is the case for most terrestrial ferns, but some 
exceptions exist. Some terrestrial ferns have persistent, cordate-thalloid gametophytes, not short-lived, and do not 
follow the expected correlation between persistent growth and the epiphytic habitat. Perhaps the long-lived 
gametophyte growth strategy adopted by ferns in the epiphytic habitat applies more generally, also adapting some 
terrestrial ferns to compete with mosses in the terrestrial habitat. However, most ferns which possess these 
terrestrial, long-lived, cordate-thalloid gametophyte growth forms occur in fern families thought to be more 
primitive. Thus, it is also possible that long-lived, cordate-thalloid gametophytes are the primitive condition in 
ferns and that short-lived, cordate-thalloid gametophytes are the derived condition in terrestrial habitats. 
Another exception to the trend, that green, short-lived, cordate-thalloid gametophytes are terrestrial, 
occurs in some ferns with this same gametophyte morphology, which live in epiphytic habitats. The most notable 
example of this exception occurs in Polypodiaceae, which is predominantly an epiphytic family, but has many 
genera with cordate-thalloid gametophytes. However, this may in part be an artifact of the methods of study. 
Many studies describing gametophytes are done using cultured material which is often grown for a few month's 
time. I have found, along with Farrar and Chiou (pers. comm.), that some cordate-thalloid gametophytes become 
strap-shaped and clonal when cultured for longer periods and probably when grown in nature. Gametophyte form 
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needs to be reexamined in epiphytic taxa reported to be cordate-thalloid and short-lived, especially species in the 
Polypodiaceae. Direct observations in the epiphytic habitat have not been observed on short-lived, cordate-thalloid 
gametophytes. So far, I have not observed cordate-thalloid gametophytes from the Polypodiaceae in the field or in 
bryophyte mats collected from the field. Some of these gametophytes may live in relatively open or disturbed 
microsites, rather than within bryophyte mats in the epiphytic habitat. 
The expected correlation of green long-lived gametophyte growth forms in epiphytic habitats was found 
in the survey, although some exceptions exist with habitat. Some species with persistent gametophytes live in 
terrestrial habitats, or more commonly, a species with long-lived gametophytes occurs in terrestrial and rupestral, 
as well as epiphytic habitats. Taxa with green, persistent gametophytes are found primarily in Hymenophyllaceae, 
Grammitidaceae, Vittariaceae, Elaphoglossaceae, and some Polypodiaceae. Gemmae occur in most genera of the 
Hymenophyllaceae, Grammitidaceae, Vittariaceae and a few Polypodiaceae. Reports of gemmae in the 
Polypodiaceae need confumation through detailed study. They are described as associated with gametophytic 
hairs. The presence of gemmae, a derived character, and the occurrence of some gemmae-producing species in 
terrestrial or rupestral habitats suggests that, at least for the Hymenophyllaceae, Grammitidaceae and Vittariaceae, 
the ability to live in terrestrial or rupestral habitats may be a secondarily derived character. Rupestral and steep-
banked terrestrial habitats are similar to epiphytic habitats but are more consistent in moisture availability. Most 
rupestral or terrestrial occurrences are in the drier extremes of habitats supportive of these families, especially in 
temperate latitudes. Thus, investigation of the role of long-lived, clonal fern gametophytes is most appropriately 
conducted in epiphytic habitats in tropical rainforests. 
Although some exceptions do exist to the general trends found in the survey, the trends provide a valid 
framework of gametophyte growth forms, longevity, and correlated habitat. It is useftil to define three general 
types of green gametophytes. 
1. Short-lived, cordate-thalloid gametophytes, which occur in most terrestrial ferns. 
2. Persistent, strap-like or ribbon-like, clone-forming gametophytes lacking gemmae, which occur in the 
epiphytes, Polypodiaceae and Elaphoglossaceae. 
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3. Persistent, strap-like, ribbon-like or filamentous, clone-forming gametophytes possessing gemmae, which 
are found in the epiphytes, Hymenophyllaceae, Grammitidaceae and Vittariaceae. 
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Abstract 
Callistopteris baueriana (Endl.) Copeland, a common species throughout the Pacific basin, grows from 
high, wet elevations to low, drier elevations in Hawaii. Gametophytes of this species are commonly found 
interwoven in bryophyte mats or growing alone in extensive, dense mats. At higher elevations well-developed 
sporophytes occur and here the gametophytes are usually found interwoven with bryophytes near sporophytes. 
At drier mid-elevations, where the sporophytes become dwarfed, and at the lowest elevations, where 
sporophytes are absent, gametophytes often grow independently in large dense mats. The sporophytes of £. 
baueriana apparently are unable to survive and reproduce in dry conditions, whereas gametophytes can survive 
and maintain their presence by the production of gemmae. The gametophytes have a branched, ribbon-like 
thallus, are long-lived and clone-forming. Generally, a meristematic branch grows along the substrate while 
subordinate branches grow perpendicularly to the substrate and terminate in the production of gemmae. The 
gemmae are uniseriate, spindle-shaped and branched or unbranched. Each sits between apical protuberances of 
a bulbous gemmifer. At maturity the gemma abscises from the gemmifer, possibly with the assistance of the 
apical protuberances on the gemmifer. Antheridia are produced marginally on young thalli or on gemmae, are 
composed of at least five cells and average 76nm in diameter. Archegonia are formed ventrally on lateral pads 
and have necks composed of four tiers of cells. Gametophytes of£. baueriana exhibit a new and unique 
morphology, combining characters which have traditionally been thought to be specific to either 
Hvmenophvlium s. 1. or Trichomanes s. 1. Their ribbon growth form with one-dimensional gemmae complete a 
transitional series from the totally ribbon growth form with two-dimensional gemmae of Hvmenophvlium s. 1. 
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to the filamentous growth form with one-dimensional gemmae ofVandenboschia (Trichomanes s. 1.), 
suggesting evolution of the filamentous growth form from a ribbon-like thallus. 
Introduction 
Callistopteris baueriana fEndl.') Copeland is a member of the tropical fern family, Hymenophyllaceae. 
The Hymenophyllaceae are, for the most part, epiphytes in tropical rainforests. The Hymenophyllaceae has 
traditionally included five genera (Morton 1968), two of which, Hvmenophvllum Smith and Trichomanes L., 
each contain a large number of subgenera. Sporophytically, these two genera are separated primarily by 
indusium shape and receptacle length (Copeland 1933,1938). In 1938, Copeland split the family into a total of 
34 genera, based mainly on additional sporophytic characters. Here he elevated Callistopteris from a subgenus 
of Trichomanes to the level of genus. To emphasize the distinctive morphology of the gametophyte generation 
of Callistopteris and to compare gametophyte morphologies in the family we use Copeland's concept of 
Callistopteris Copeland and other genera of the family in this paper. The traditional large genera are referred to 
as Hvmenophvllum s. 1. and Trichomanes s. I. Copeland's narrower circumscription of these genera are referred 
to as Hvmenophvllum s. s. and Trichomanes s. s. The broad generic affinity of other Copeland genera 
mentioned in this paper is indicated by (H) or (T) following the genus name. 
Callistopteris baueriana is a species common throughout the Pacific Basin. The material examined in 
this study is from the Hawaiian Islands. In Hawaii, two sporophyte forms of the genus have been described as 
distinct species ~ Q. baldwinni (D. C Eaton) Copeland and £. toppingii (Dengener and Dengener) C. H. 
Lammoureux. If endemic to Hawaii and considered as separate species, £. baldwinni applies to Oahu plants 
with dwarfed sporophytes and Q. toppingii applies to normal sized plants on Oahu and other Hawaiian Islands. 
£. baueriana (Endl.) Copeland is correct for both forms if they are considered conspecific and taxonomically 
synonymous with the south Pacific species. This study considers £. baueriana as described in the latter case. 
Gametophytes have traditionally been the ignored generation in fern systematics and evolution, 
although understanding their biology is critical to understanding the reproduction, distribution and ecology of 
the species. Prior to the 1930's, few gametophytes had been described and their morphology was generally 
considered to be too plastic to provide useful systematic characters (Bower 1923). Studies of a wide spectrum 
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of gametophytes by Stokey and subsequently by Stokey and Atkinson, spanning the 1930's to the 1970's, 
demonstrated the usefulness of gametophytes to fern systematics and evolution (Stokey 1951; Atkinson and 
Stokey 1964; Nayar and Kaur 1971). Subsequently, gametophytes of more species have been described and 
some research has focused on the reproductive biology and ecology of fern gametophytes (Peck et al. 1990). 
In most ferns, gametophyte characters are most useful in defining families, are of less value in defining 
genera, and are of limited use in the definition of subgenera and species (Atkinson and Stokey 1964; Nayar and 
Kaur 1971; Farrar and Gooch 1975). In the Hymenophyilaceae, however they have been shown to be generally 
distinctive to the level of subgenera (Copeland genera) and in some cases at the species level (Farrar and 
Wagner 1968; Raine et al. 1991; Raine 1994). Copeland (1938) did not use gametophyte characters to define 
his 34 genera, but did state that the gametophyte variability in the family might provide a better understanding 
of the evolution and classification of the family. 
The gametophyte morphology of the Hymenophyilaceae is not like that of the typical cordate form 
found in most ferns, but instead, ranges from branched ribbon-like thalli to branching filaments. Gametophytes 
of Hymenophvllum s. 1. have been described as ribbon-like with an indeterminate branching apical meristem 
(Mettenius 1864; Holloway 1930; Copeland 1938; Stokey 1940; Yoroi 1972; Raine etal. 1991; Raine 1994). 
Reported exceptions include two species of Hvmenophvllum s. L, Amphipterum (H) fiiscum (Blume) Presl and 
Mecodium rH'> javanicum (Spr.) Copeland, which were observed to produce filamentous gametophytes as 
juveniles under certain culture conditions (Stokey 1940). Trichomanes s. 1. gametophytes have been described 
as branched filaments (Copeland 1938; Stokey 1940; Stone 1958,1965; Yoroi 1972) or a combination of 
branched filaments and blade-like thalli (Bower 1888; Farrar and Wagner 1968). Until now, there have been no 
species of Trichomanes s. 1. described with entirely ribbon-like thalli. 
Increased knowledge of spore germination types (Atkinson 1960; Yoroi 1972), mature gametophyte 
forms (Holloway 1930; Stokey 1940; Stone 1965; Farrar and Wagner 1968; Raine et al. 1991), and 
gametophyte gemmae and gemmifer characteristics (Raine et al. 1991; Farrar 1993b; Raine 1994), in the 
Hymenophyilaceae promises to provide characters and character combinations useful in defining many of the 
34 genera within the family (Raine 1994). This paper describes the mature gametophytes of Callistopteris 
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baueriana. which in their combination of characters are truly unique and provide insight into the evolution of 
gametophyte form in the Hymenophyllaceae. 
Material and Methods 
Gametophytes of Callistopteris baueriana were collected by Farrar on the islands of Oahu, Hawaii and 
Kauai from January to May of 1990, by Dassler and Farrar on Oahu, Hawaii, Kauai, and Molokai in August of 
1992 and by Farrar on Oahu and Hawaii in March of 1993. The gametophytes were identified by their 
connection to young sporophytes and by enzyme electrophoresis. Specimens were collected from mats with 
and without sporophytes and then cultured or dried as herbarium specimens and deposited at ISC. Material of 
some samples was preserved on microscope slides using Hoyer's mounting medium (Anderson 1954). 
Collection methods did not maintain viable spores for observation of germination pattern. 
Living gametophyte samples were placed on peat, soil, or clay, with as much natural substrate as 
possible, in 9.5 x 9.5 x 3.5 cm plastic culture cubes. Cultures were maintained in continuous white florescent 
light of 1 to 20 nmol/m^s (30 to 175 ft. candl.), most in a chamber at approximately 20 C and others on benches 
in the laboratory at 25 C. Initially cultures grew well at both locations, but ultimately only those in the cooler 
chamber maintained growth. Once new growth and gemmae production were established in the cultures, 
additional information on gametophyte growth and especially on gemmifer and gemmae development was 
obtained by direct observation and gemmae culture. Individual gemmae were removed from mature plants and 
placed on 0.7% agar with Hold's macronutrients (Bold 1957), plusNitsch's micronutrients (Nitsch 1951), plus 
1% iron, in 100 X 20 mm plastic petri dishes to observe germination of the gemmae. 
Observations on mature gametophyte morphology, gametangia structure and position, and gemmae 
development in natural conditions were readily obtained from live collections maintained in cold storage. 
Additional observations were made on plants in situ. 
Resuhs 
Mature Gametophytes 
In the Hawaiian Islands, the gametophytes of Callistopteris baueriana are common and have been 
recorded from all five of the major islands. Gametophytes occur from wet, high elevations that are often 
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cloaked in clouds to lower, drier areas (figs. 2.1-2.10). They may be associated with their sporophytes or grow 
independently, often growing in dense, extensive mats, commonly exceeding a square meter in area. At higher 
and wetter sites (figs. 2.1-2.4), the gametophytes typically grow on decaying logs, tree bases, sides of rocks and 
soil banks near streams (figs. 2.1,2.4). Often they are interwoven in bryophyte mats. Here, well-developed 
sporophytes occur (figs. 2.2,2.3) and gametophytes may be found associated with sporophytes or growing 
independently beyond populations of the sporophyte (fig. 2.4). 
At mid-elevations, sporophytes are also found, but here they are dwarfed (approximately 1/10 to 1/4 
the size of normal-sized plants at higher elevations) and generally do not produce spores (figs. 2.5-2.8). 
Gametophyte mats usually occur on vertical rocks or soil banks, along trails, roads and streams (fig. 2.5). Often 
they grow in dense mats, either associated with or independent of the sporophytes (figs. 2.6-2.8). At lower and 
drier locations, sporophytes are totally absent. The gametophytes grow independently in mats in habitats 
similar to those of mid-elevations (figs 2.9,2.10). 
The gametophytes of Callistopteris baueriana are unistratose, usually branched ribbons that are 
irregular in shape (figs. 2.4,2.7,2.10-2.13). They are yellowish green to bright green with a glistening surface. 
Gemmae are produced by meristems terminating aerial branches (figs. 2.11,2.12). Rhizoids are produced 
marginally, most abundantly on the older portions or on that part of a prostrate branch that contacts the 
substrate (fig. 2.13). 
When gametophytes of Callistopteris baueriana grow on a vertical substrate, gemma-bearing branches 
project horizontally from the substrate in a shelf-like manner (figs. 2.4,2.7,2.12). When growing on a 
horizontal substrate, as is the case with cultured gametophytes, gametophytes grow in random directions with 
vertically oriented gemmae-bearing branches (figs. 2.11,2.12). In all cases indeterminate branches remain 
prostrate and maintain contact with the substrate. 
The gametophytes are long-lived, with the prostrate branches possessing indeterminate growth, 
accomplished by continued growth of meristems even though older portions of the thallus eventually die. 
Whether growing on a horizontal or vertical substrate, in general, a primary meristematic branch grows along 
the substrate while subordinate branches grow perpendicular to the substrate, become determinate, and produce 
Figures 2.1-2.11. Habitat and growth habit of Caliistopteris baueriana. Figs. 2.1-2.4, High elevation, wet 
habitats. Fig. 2.1, Typical habitat on tree bases, rocks and soil banks, along a stream 
(arrow). Puu Kolekole, Molokai. Fig. 2.2,2.3, Well-developed sporophytes. Fig. 2.2, 
Windward Olinda, Maui. Fig. 2.3, Ash Forest, windward Mauna Loa, Hawaii. Fig. 2.4, 
Gametophytes growing on vertical rock face near stream, not associated with sporophytes. 
Note the branches projecting horizontally in a shelf-like manner from the vertical substrate. 
Tree planting road, windward Mauna Loa, Hawaii. Figs. 2.5-2.8, Mid-elevation, drier 
habitats. Fig. 2.5, Typical habitat on vertical soil bank along a trail (arrow). Manoa 
Valley, Oahu. Figs. 2.6-2.8, Gametophytes growing in dense mats. Figs. 2.6,2.7, Dwarf 
sporophytes (arrow in Fig. 2.7) present with gametophytes. Note how the branches of the 
gametophytes project out in a shelf-like manner from the vertical substrate in Fig. 2.7. Fig. 
2.6,2.7, South Molokai. Fig. 2.8, Gametophytes growing independent of sporophytes. 
Aeia Heights, Oahu. Figs. 2.9-2.10, Low elevation, dry habitats. Fig. 2.9, Typical habitat, 
with extensive gametophyte mats covering much of the vertical rock wall bordering a 
stream. Falolo Valley, Oahu. Fig. 2.10, Mat of gametophytes growing independent of 
sporophytes. Sporophytes do not occur at low elevations. Manoa Valley, Oahu. Fig. 2.11, 
Gametophytes in culture on peat. On a horizontal substrate growth is in random directions 
and gemmae-bearing branches grow vertically (arrow). 
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Figure 2.12. Illustration of the typical growth habit of Callistopteris baueriana on both horizontal and vertical substrates. On both surfaces 
indeterminate branches grow along the substrate, while gemmae-bearing branches grow perpendicular to the substrate. 

Figure 2.13. Growth habit of gametophytes of Callistopteris baueriana. Gametophytes are branched ribbons with indeterminate meristems 
successively dividing to form a basal lobe which continues indeterminate growth and an aerial lobe which terminates in the production 
of gemmae. Rhizoids are produced marginally. Note the difference in the size and the shape of thalli containing antheridia. 
an=antheridium, ar=archegonial pad, g=gemma, gr=gemmifer. b, c, g, From culture, a, d-f, h, Collected in the field. 
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gemmae (figs. 2.12,2.13e, h). This pattern of growth is achieved by successive divisions of the meristem of the 
prostrate branch, usually into two parts: a basal lobe which continues indeterminate growth; and an aerial lobe 
which becomes oriented perpendicularly to the substrate, grows into an aerial branch, and terminates in the 
production of gemmae. 
In meristem branching, an increase in the width of the apex precedes the division of the meristem (fig. 
2.13b, e). Most commonly, t%vo lobes are produced, but occasionally, three lobes are formed. The proportion 
of the meristem acquired by each new lobe may be equal or unequal, usually resulting in an indeterminate 
meristematic branch and an aerial branch terminating in gemmae. If meristem branching is unequal the smaller 
lobe may become dormant. Eventual growth from dormant lobes may resemble lateral branching (fig. 2.13b, 
c). 
True lateral branching occurs by dedifferentiation of nonmeristematic lateral cells, usually a single 
marginal cell (fig. 2.14b, c). The result is a lateral branch possessing a meristem, attached to the parent lobe by 
a narrow connection (figs. 2.13d, 2.14a). More than one new lobe may be so produced. Lateral branching by 
marginal cells frequently occurs when all indeterminate lobes are damaged or the remaining thallus consists 
only of gemmae-producing lobes. New grovnh of senescing, field-collected thalli in cultures generally can be 
traced to this type of lateral branching (fig. 2.14a). Branches formed by both methods, unequal division of the 
meristem or dedifferentiation of marginal cells, may form gemmae, even while still small. 
Mature, living thalli vary in size and form. Those consisting of both determinate, gemma-producing 
branches and indeterminate branches, average 12 mm and range fi-om 4 mm to 42 mm in the longest dimension 
along the axis of growth of the prostrate indeterminate branch. The perpendicular determinate branches with 
gemmae average 6 mm in length and range from 2 mm to 12 mm. The primary indeterminate branches tend to 
maintain broad apices, while the branches producing gemmae become narrower as the meristem is depleted 
(figs. 2.12,2.13d, e, g, h). Often only one indeterminate, prostrate branch is present, but it is not uncommon 
for the thallus to possess two or more indeterminate branches (figs. 2.12,2.13b, c). Death of an internal portion 
of a thallus may result in two or more independent thalli. 
Figure 2.14. Lateral branching, rhizoids and thallus cells of Callistopteris baueriana. a-c, Lateral branching 
from dedifferentiation of nonmeristematic marginal cells, a, Typical branching of field-
collected thalli placed in culture, b, c, Detail of branch initiation, d, e, g, Rhizoids on marginal 
cells of the thallus. d, Rhizoid development. Rhizoids are initiated by an unequal division of a 
marginal cell and are initially papillae-like, but then elongate and turn brown, e, g. Types of 
rhizoids. f, Marginal and inner cells of thallus. Note mamilla with associated nucleus in each 
cell. Arrangement of marginal cells cause thallus to appear bordered. 
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Rhizoids are produced primarily on marginal cells of the thallus. One or more rhizoids can arise from 
a single marginal cell (fig. 2.14e, g). On older parts of the thallus, and elsewhere where the thallus contacts the 
substrate, the rhizoids tend to be more abundant, longer, and more often branched. They become fewer and 
shorter on aerial branches, thus prostrate branches tend to possess more rhizoids than gemmae-producing 
branches (figs. 2.12,2.13). 
The rhizoids are unicellular, brownish-red and hyaline, and may be branched or unbranched (fig. 
2.14e, g). Branching occurs most often on longer rhizoids and usually consists of dichotomies, but 
occasionally, more extensive branching is found. Initiation of rhizoids occurs by unequal division in a marginal 
cell (fig. 2.14d). The new rhizoid is initially papilla-like, but turns brovra, and elongates, leaving a bulbous 
base. 
Cells of the thallus are thin-walled and elongate-hexagonal, ranging from 140 |im to 220 nm in length 
and averaging 180 nm in the central portion of the thallus (fig. 2.14f). Most cells are mamillose with the 
nucleus tending to lie at the base of the mamilla. Marginal cells often project outward and upward, producing 
marginal serrations. In contrast to those of interior cells, the walls between marginal cells are regularly 
perpendicular to the thallus edge, causing the thallus to appear bordered. In thalli cleared with Hoyer's, the 
cells of the margin also seem to have a denser cytoplasm than do the interior cells. 
Gametangia 
Antheridia were observed on material collected in the field, and occasionally from new growth in 
culture. They are scattered along the thallus margins, most often on small, unbranched thalli (fig. 2.13a, f) deep 
within the mat and close to the substrate. In addition, they develop directly from gemmae and on very young 
thalli produced from germinating genmiae (fig. 2.15b, d), and at the base of or on small lateral lobes from 
larger thalli (fig. 2.13d). The average diameter for an antheridium is 76 nm, ranging from 65 to 94 nm, with a 
jacket consisting of at least five cells, a basal cell, two ring cells, a cap cell and an opercular cell (figs. 2.15a, 
2.16-2.18). Ring cells usually contain at least one transverse cell wall, and can be symmetrically stacked, but 
often vary in form and arrangement. 
Figure 2.15. Antheridia and archegonia of Callistopteris baueriana. a, Surface views of antheridia. The jacket of each is composed of at least five 
cells. Each pair shows opposite faces of one antheridium. Labeled pairs indicate how opposite faces correspond, b, Antheridia on 
young thalli produced from germinating gemmae, d, Antheridium produced directly from gemma, c, Optical cross section of 
archegonia. Note four tiers of neck cells. 
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Figures 2.16-2.25. Callistopteris baueriana. Figs. 2.16-2.18, Mature antheridia. Fig. 2.16, Antheridiaon 
margin of small thallus. Scale bar = lOOnm. Fig. 2.17, Surface view of typical 
antheridium. Scale bar = SOjim. Fig. 2.18, Optical cross-section just prior to dehiscence. 
Scale bar = 20nm. Figs. 2.19,2.20, Mature archegonia. Fig. 2.19, Archegonia on 
thickened marginal pad. Scale bar = lOOnm. Fig. 2.20, Archegonia on side of 
archegonial pad. Note the four tiers of neck canal cells. Scale bar = 50nm. Figs 2.21-
2.25, Gemmae and gemmifer development. Figs. 2.21,2.22, Ventral side of thallus apex 
showing various stages of gemma and gemmifer development. Fig. 2.21, Scale bar = 
lOOjim. Fig. 2.22, Scale bar = lOOnm. Figs. 2.23-2.25, Mature gemmae and gemmifers 
at apex of thallus. Gemmae, attached to gemmifers, project from the thallus tip and are 
oriented perpendicularly to the plane of the thallus. Fig. 2.23, Scale bar = 0.5mm. Fig. 
2.24, Scale bar = 0.5mm. Fig. 2.25, Scale bar = 0.5mm. 
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Archegonia were also observed in field collections, but not as abundantly as antheridia, and have not 
been produced in cultured material. They are formed on thickened marginal pads located on older, prostrate 
portions of the thallus (figs. 2.13e, 2.19). Archegoniate thalli may also possess gemmifers and gemmae at the 
same time. Rhizoids are often abundant on the pads along with the archegonia. Archegonia are crowded onto 
the pads, the number varying with the size of the pad. For example, a small pad 240 |im wide had 8 or 9 
archegonia and a larger pad 630 |im wide held about 3S archegonia. The archegonial neck consists of four tiers 
of cells and is straight (figs. 2.15c, 2.19,2.20). 
Gemmae and Gemmifers 
Gemmae develop on gemmifer cells at the apex of determinate branches (figs. 2.12,2.13e, g, h, 2.23-
2.25). One gemmae is produced by each gemmifer. Development of the gemmifer and its gemma occurs 
simultaneously (figs. 2.21,2.22,2.26a, 2.27-2.30,2.34). A gemmifer is first initiated on the meristem margin 
by an asymmetrical division of an apical cell, producing a small, wedge-shaped initial (fig. 2.26a). The ventral 
side of the cell elongates into a cylinder, while the dorsal side remains wedge-shaped (fig. 2.28). At this point 
the cylindrical gemmifer divides transversely, forming a round gemma initial at its apex (figs. 2.21,2.26a, 2.27, 
2.29). This cell divides perpendicularly to the gemmifer axis, forming, first a two-celled, then a three-celled 
gemma. The cells of the gemma continue to divide (now as intercalary divisions) several more times (figs. 
2.21,2.22,2.26a, 2.27-2.30). One or more gemma branches may be initiated by longitudinal division in any of 
the gemma cells (figs. 2.27,2.28,2.30). Branches ultimately become 1-6 cells in length. 
In the last stage of gemma maturation the cells at the ends divide, extending the length of the gemma 
by a few more cells and producing terminal cells which become hyaline and partially to wholly brownish-red. 
These cells function as rhizoid primordia. Mature gemmae are spindle-shaped and may be branched or 
unbranched (figs. 2.23-2.25,2.26c). If branched, one to several branches may be present. Unbranched 
gemmae may be straight or bent. They are bright green and densely packed with chloroplasts, as compared 
with gemmifers which have fewer chloroplasts and are light green and hyaline (fig. 2.25). The size of the 
mature gemma (excluding branches) can be from 6 to 17 cells long in the field and often longer in culture (up 
to 32 cells). 
Figure 2.26. Gemmifers, gemmae and germinating gemmae of Callistopteris baueriana. a. Dorsal side of 
thallus apex showing original shape of gemmifer initial (arrow) and various stages of gemmae 
development beneath, b, Gemmifers after gemma dehiscence. Note that each has two apical 
protuberances and between, a scar left from gemmae attachment, c, Mature gemmae after 
dehiscence from gemmifer. Note round scar left on gemmae from gemmifer attachment, d. Apex 
of thallus with mature gemmifers after gemmae dehiscence. Older gemmifers become displaced 
to the sides of the thallus as new ones are formed, e-g, Germinating gemmae from the field with 
thallus plates beginning to form, h, i. More mature thalli from germinating gemmae, j-m, 
Developmental series of one germinating gemma in culture. Note the development of rhizoids on 
the gemma in contrast to gemmae germinating without rhizoids in field conditions, e-g. 

Figures 2.27-2.33. SEM, gemmae and gemmifers of Callistopteris baueriana. Figs. 2.27-2.30, Ventral side 
of thallus apex showing various stages of gemmae and gemmifer development. Fig. 
2.27, Scale bar = 200nm. Fig. 2.28, Scale bar = 100|im. Fig. 2.29, Scale bar = lOOjim. 
Fig. 2.30, Scale bar = lOO^m. Figs. 2.31-2.33, Dorsal view of thallus apex with mature 
gemmifers after gemmae dehiscence. Note the raised, round scar left from gemmae 
attachment between the two apical protuberances. Upon maturation, the gemmifers 
usually swell dorsally. Fig. 2.31, Scale bar = 200nm. Fig. 2.32, Scale bar = lOOjim. 
Fig. 2.33, Scale bar = 20nm. SEM micrographs taken by Dr. Catherine A. Raine. 

Figure 2.34. Diagram of a longitudinal section of a thallus apex demonstrating simultaneous development of 
gemma and gemmifer in Callistopteris baueriana. 
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The gemmifer remains cylindrical until the gemma is mature (figs. 2.21,2.27-2.30). The gemmifer 
then increases in size, becoming round and bulbous, causing the axis of the gemmifer to rotate from ventrally 
perpendicular to the thallus (fig. 2.34) to a position parallel with the thallus. The result is that the gemmifer 
apex and its attached gemma project outward from the thallus tip (figs. 2.23,2.24,2.34). The gemmifer grows 
asymmetrically, usually swelling dorsally. It then produces two apical protuberances, one on each side of the 
gemma (figs. 2.26b, 2.31-2.34). Ultimately, the gemma is attached between the protuberances of the bulbous 
gemmifer with its long axis oriented perpendicularly to the plane of the thallus (figs. 2.23-2.25,2.34). At 
maturity the gemma is detached from the gemmifer, possibly assisted by the gemmifer protuberances and the 
enlarged dorsal base, leaving a round, brownish-red scar on both the gemmifer and gemma (figs. 2.26b, c, 2.31-
2.33). With continued apical growth of the thallus the gemmifers become displaced to the sides of the thallus 
(figs. 2.13d, e, g,h,2.26d). 
Germination of gemmae occurs on the substrate alter dehiscence or rarely while still attached to the 
gemmifer. In culture, germination usually begins with the formation of rhizoids, 10 to 15 (20) days after 
contact with the substrate (fig. 2.26j-m). Most commonly rhizoids are produced first from the rhizoid 
primordia, but they may also be produced from interior cells close to the tips. This is followed by the 
development of a new thallus from any cell of the gemma, but usually by those toward the tips. The thallus is 
initiated as a protuberance from a single gemma cell. It first grows from divisions of an apical cell, which soon 
broadens into an apical meristem. Rhizoids develop on the margins of the thallus. More than one thallus can 
form from each gemma. 
After two months in culture, well-developed thalli are formed, most possessing meristems and well-
developed rhizoids, which may be branched. In contrast, gemmae which germinate in the field exhibit little 
initial rhizoid development, and development of cell plates occurs prior to most rhizoid formation (fig. 2.26e-
g). In both culture and the field, gemmae remain attached to the new thalli and often remnant gemmae can be 
found on rather large thalli (fig. 2.26h, i). 
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Discussion 
Gametophytes of Callistopteris baueriana in Hawaii grow either associated with or independent of the 
sporophytes. Independent fern gametophytes are well known in North America where Sphaerocionium (H) 
tavloriae Farrar and Raine (Raine et al. 1991), Trichomanes rVandenboschia sensu Copeland 1938) intricatum 
Farrar (Farrar 1992), and Vittaria appalachiana Farrar and Mickel (Vittariaceae) (Farrar and Mickel 1991) grow 
without mature sporophyte production in the eastern United States. In Great Britain, the endangered 
Trichomanes rVandenboschia sensu Copeland 1938^ speciosum Willd. has been shown to be quite widespread 
as populations of independent gametophytes (Rumseyetal. 1990,1991). 
Sphaerocionium (H) tavloriae has been found only in North Carolina, South Carolina and Alabama, 
and when found, grows as independent gametophytes, with the exception of one site in which juvenile 
sporophytes are produced (Raine et al. 1991; Farrar 1993b). Vandenboschia (T) intricatum gametophytes occur 
in the southeastern United States northward to New York and Vermont. They do not produce sporophytes. 
Likewise, Vittaria appalachiana is found only as independent gametophytes, distributed across the southeastern 
United States from Kentucky to Georgia and ranging to the north as far as the pleistocene glaciation boundary 
(Farrar 1978, 1993a). Vandenboschia (T) speciosum can be found in Great Britain as mature sporophytes and 
as independent gametophytes. There are few populations of Y. speciosum sporophytes found only in western 
England and Ireland, but many populations of independent gametophytes have been found throughout Great 
Britain, producing juvenile sporophytes in a few sites (Rumsey et al. 1990,1991). Recently, colonies of V. 
speciosum gametophytes have been shown to be common in Germany, 1,000 km distant from the nearest 
sporophytes of this species (Rasbach et al. 1993; Vogel et al. 1993). 
The continued existence of independent gametophytes is undoubtedly the result of the clonal, long-
lived growth habit of the gametophyte, augmented by the production of gemmae for asexual reproduction 
(Farrar 1985, 1993a). In the case of Vittaria appalachiana. Farrar (1978, 1990) has postulated that it is a relict 
from the subtropical flora which occurred in eastern North America in the Tertiary. As the climate in the 
eastern United States became cooler and drier, y. appalachiana was able to exist as gametophytes in protected 
rock crevices. Unlike the gametophytes, the sporophytes were unable to survive in the colder conditions. 
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Gametophyte populations were able to survive over time due to asexual reproduction by gemmae. Without 
sexual reproduction, eventually Y. appalachiana lost the ability to produce sporophytes. 
Gametophytes of Callistopteris baueriana in Hawaii grow from high elevations where conditions are 
always wet to mid-elevations where moisture level varies, to low elevations where conditions are usually dry. 
At higher elevations, both sporophytes and gametophytes are an integral part of the forest vegetation. Here, the 
sporophytes are well-developed and presumably reproduce by spores. Gametophytes are found associated with 
the sporophytes and sometimes grow independently. As the elevation becomes lower and the conditions 
warmer and drier, the sporophytes become dwarfed and unable to reproduce and they are eventually absent at 
low elevations. The typical habitat now becomes more disturbed areas such as trail or stream banks. The 
gametophytes are sometimes associated with dwarfed sporophytes at mid elevations, but commonly occur alone 
at mid and low elevations. 
It is possible that the reason why the gametophytes of Callistopteris baueriana are present where 
sporophytes are lacking parallels that of Vittaria appalachiana. Instead of the lack of survival of the 
sporophytes in cold conditions as in Y. appalachiana. the sporophytes of £. baueriana may be restricted by 
periodically dry conditions outside of the constantly wet forest. Thus, at lower drier elevations, the sporophytes 
do not fully develop, becoming dwarfed at mid elevations and then absent at the lowest sites. The gametophyte 
populations are able to survive the drier conditions, living in the more protected microclimate near the substrate 
surface. Gemmae production insures their survival over time. Lacking sexual reproduction at low elevations, 
perhaps the independent gametophytes lose the ability to produce sporophytes altogether. Testing of this 
hypothesis is in progress and includes culturing in common conditions, cross culturing and enzyme 
electrophoresis. 
The growth habit of the gametophyte of Callistopteris baueriana resembles that found in 
Hvmenophvllum s. 1., which lacks any of the filamentous growth thus far found in all species of Trichomane.s s. 
1. Previous researchers have described the gametophytes of species of Hvmenophvllum s. 1. as branched, 
ribbon-like thalli, one cell layer in thickness, with marginal, branched rhizoids (Mettenius 1864; Goebel 1905; 
Holloway 1930; Stokey 1940; Atkinson 1960; Stone 1965; Nayar and Kaur 1971; Yoroi 1972; Raineetal. 
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1991; Raine 1994). Specifically, Stokey (1940) observed that the mature thallus ofMeringium (H) holochilum 
(v. d. Bosch) Copeland possesses horizontal branches that give rise to a succession of vertical branches. These 
descriptions have also included the presence of an apical meristem, often terminating in gemmae and the 
formation of archegonia on lateral pads. Branching modes similar to those described for Hvmenophvllum s. 1. 
were also observed in Q. baueriana. These include division of the meristem into two or sometimes three equal 
or unequal branches and formation of lateral branches from nonmeristematic marginal cells as a means of 
regeneration of damaged thalli. 
The rhizoids of Callistopteris baueriana are the same as those previously described in 
Hymenophvllum s. 1. (Holloway 1930; Stokey 1940; Atkinson 1960; Stone 1965; Yoroi 1972) and 
Trichomanes s. I. (Stokey 1940; Yoroi 1972): dark-colored and branched, with 1-2 growing from marginal 
cells. The rhizoids of £. baueriana have not been observed with any associated fungus as previously found in 
both Hymenophvllum s. 1. and Trichomanes s. 1. (Goebel 1892; Holloway 1930; Stone 1965; Farrarand 
Wagner 1968). 
The tendency for the rhizoids of Callistopteris baueriana to be more abundant, longer and branched on 
older portions of the thallus in contact with the substrate while becoming fewer and shorter on aerial branches is 
similar to that noted in several species of Hymenophvllum s. I. (Holloway 1930; Stokey 1940; Stone 1965). 
Moreover, Holloway (1930) observed that the rhizoids of Mecodium (H) pulcherrimum (Colenso) Copeland do 
not retain their absorbing fiinction for long and are stunted and too short to reach the substrate on forward parts 
of the ribbon. Stokey (1940) also noted that only the rhizoids in basal parts reach the substrate. Holloway 
(1930), as well as Goebel (1888), concluded that rhizoids function only for attachment, not absorption, while 
Stokey (1940) suggested they fiinction in providing space between overlapping branches in crowded mats. The 
rhizoids of Q. baueriana clearly function for attachment to the substrate and may function in absorption as well. 
The gametangia of Callistopteris baueriana are similar to those described for the Hymenophyllaceae, 
but the resemblance of the antheridia and archegonia to previously described gametangia of Hvmenophvllum s. 
1. and Trichomanes s. 1. differ. Stokey (1948) summed up the general view of the antheridia in 
Hvmenophvllum s. 1. and Trichomanes s. 1. In Hvmenophvllum s. 1., the antheridia are considered as a more 
85 
primitive type, being relatively large and complex with a large sperm output. Specifically this means they 
average approximately 93 ^m in diameter, with a range of 66 to 140 fxm, and are composed of greater than 5 
jacket cells, the jacket often varying in cell number and form (Goebel 1888; Atkinson 1960; Stone 1965; Yoroi 
1972). Trichomanes s. 1. antheridia are smaller and simpler than Hymenophyllum s. 1. and are considered more 
derived. They average approximately 60 nm in diameter, with a range from 43 to 70 |im and usually consist of 
5 regularly arranged jacket cells (Goebel 1888; Stone 1958; Yoroi 1972). This difference between the two 
broad genera is not entirely consistent however. The antheridia in Copeland's genus Trichomanes s. s. do not 
seem to fit the picture of antheridia in the genus Trichomanes s. 1. Based on drawings of T. alatum Sw. (Bower 
1888) and photographs of T. holopterum Kunze (Farrar and Wagner 1968), the antheridia of Trichomanes s. s. 
are large, averaging approximately 97 nm in diameter and ranging from 60 to 138 jam. They are more 
complex, consisting of 5 or more jacket cells. Even though the average diameter for Trichomanes s. s. is high 
(it is only based on 2 spp.), the antheridia of Q. baueriana resemble those of T. alatum which average 86 |im in 
diameter and consist of 5-7 cells. 
The antheridia of Callistopteris baueriana are also intermediate in characters between those typical of 
Hvmenophvllum s. 1. and Trichomanes s. 1. Their average size of 76 |im falls between the average sizes of the 
two broad genera; the range in Q. baueriana falls within the lower end of the range of Hvmenophvllum s. 1. The 
number of jacket cells and their complexity vary and can resemble those of Trichomanes s. 1. in possessing 5 
regularly arranged jacket cells, but can also be similar to Hvmenophvllum s. 1. when the jacket consists of more 
than 5 cells and the ring cells do not form a regular pattern. In this, they most closely resemble the antheridia 
of Trichomanes s. s. Campbell (1905) illustrated and briefly described the gametophyte of £. baueriana. which 
he also had collected in Hawaii. The antheridia in his drawings were large, averaging 87 jam in diameter and 
possessed regularly arranged jacket cells. On the basis of this and the ribbon-like thallus he referred to the 
plants as an unidentified Hymenophyllum s. 1. species. 
Whereas the antheridia are intermediate between Hvmenophvllum s. 1. and Trichomanes s. 1., the 
archegonia of Callistopteris baueriana are clearly like those ofTrichomanes s. 1., including those of 
Trichomanes s. s., being straight and consisting of four tiers of neck cells (Mettenius 1864; Goebel 1905; 
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Stokey 1948; Stone 1958; Farrarand Wagner 1968; Nayarand Kaur 1971; Yorol 1972). In contrast, the 
archegonial necks of Hvmenophvllum s. 1. are composed of 6 to 10 tiers of cells (Stokey 1948; Stone 1965; 
Nayar and Kaur 1971; Yoroi 1972; Raine et al. 1991; Raine 1994). 
Gemmae in Callistopteris baueriana are formed abundantly at the ends of thalli lobes as they are in 
Hvmenophvllum s. 1. (Holloway 1930; Stone 1965), and those species ofTrichomanes s. 1. that possess blades 
(Bower 1888; Farrar and Wagner 1968). Stone (1965) noted that at maturity the supporting gemmifers of 
Hvmenophvllum s. 1. are wider than long, whereas, those ofTrichomanes s. 1. are narrow, flask-shaped and 
usually twice as long as wide (Farrar and Wagner 1968; Yoroi 1972). Mature gemmifers of £. baueriana 
resemble Stone's description ofTrichomanes s. 1. in that they are longer than wide, but they are not flask-
shaped. They are bulbous, similar to drawings ofMecodium (H) flabellatum (La Bill.) Copeland (Stone 1965). 
Only one gemmifer per apical cell is produced by Q. baueriana. This is unlike that reported for some 
Trichomanes s. 1. where 2 or more are produced per cell (Stokey 1948; Stone 1965; Yoroi 1972). It is also 
unlike Gonocormus (T) minutus (Blume) v. d. Bosch in which the gemmae themselves can produce additional 
gemmae (Yoroi 1972). 
Initiation of the gemmifer of Callistopteris baueriana from a wedge-shaped cell is similar to that 
described for Mecodium CH) australe (Wildenow) Copeland and Mecodium (H) flabellatum (Stone 1965). The 
formation of the first cell of the gemmae by the development of a round gemma cell occurs in descriptions of 
both Hvmenophvllum s. 1. (Stone 1965) and Trichomanes s. 1. (Bower 1888; Stokey 1948; Stone 1958; Farrar 
and Wagner 1968; Yoroi 1972). It is after the development of the first cell that£. baueriana follows the pattern 
ofTrichomanes s. 1. in which division is transverse and results in uniseriate gemmae perpendicular to the 
gemmifer axis, attached by a central cell (Stokey 1948; Farrar and Wagner 1968; Nayar and Kaur 1971; Yoroi 
1972). In Hvmenophvllum s. 1. division continues in the same plane as the original division and results in 
gemmae parallel to the gemmifer axis and attached by an end cell. Subsequent longitudinal divisions form two-
dimensional gemmae in Hvmenophvllum s. 1. (Stone 1965; Nayar and Kaur 1971; Yoroi; 1972), whereas two-
dimensional gemmae are absent from Trichomanes s. 1. 
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Although the habit of the gametophyte thallus of Caliistopteris baueriana resembles that of 
Hymenophyllum s. 1., it is unlike Hvmenophvllum s. 1. in that it does not possess two-dimensional gemmae. £. 
baueriana produces uniseriate gemmae typical of Trichomanes s. 1. In this case, the dimensionality of the 
gemmae does not parallel that of the gametophyte habit as observed for members of the Hymenophyllaceae 
(Stone 1965). Gemma branching like that of Q. baueriana is also found in Trichomanes s. 1., but not in 
Hvmenophvllum s. 1. 
The gametophytes of Caliistopteris baueriana possess characters of both Hymenophyllum s. 1. and 
Trichomanes s. 1. Growth form, thallus branching patterns, rhizoid placement, gemmifer initiation, and 
archegonia position are similar to Hymenophyllum s. 1. Shape and orientation of the gemmae and archegonial 
structure resemble Trichomanes s. 1. The mature gemmifer combines traits from each group in being longer 
than wide, as in Trichomanes s. 1., but it is bulbous as in Hymenophyllum s. 1. rather than flask-shaped as in 
Trichomanes s. 1. Antheridial size and jacket wall complexity are intermediate between the two broad genera 
and more closely resemble T. alatum in Trichomanes s. s. Rhizoid structure, initiation of the first gemma cell 
and antheridial placement on gemmae is shared by £. baueriana and both groups. 
One gametophyte character that varies between the broad genera has been a focus of much speculation 
about generic definitions and evolution of the two groups. This is the growth habit of the gametophyte, 
consisting of ribbon only, a combination of ribbon (or blade) plus filaments, or filaments only (fig. 2.35). 
Bower (1923) postulated that ribbon-like thalli were derived from filamentous types (presumably by 
longitudinal division in the cells of the filament). Goebel (1905) also expressed this view when considering the 
aberrant development of the ribbon plus filament gametophyte of Trichomanes sinuosum Rich. He suggested a 
series from a filamentous gametophyte to a ribbon gametophyte of Hvmenophvllum s. 1. by the reduction in 
amount of filament accompanied by an increase in tissue for archegonia support to provide more nutrition for 
the developing embryo. He also stated that evolution may proceed in the opposite direction, from ribbon to 
filament, in response to adaptation to the environment. Holloway (1930) and Farrar and Wagner (1968) 
supported the latter view. 
Figure 2.35. Diagram of a transitional series in growth form and gemmae dimensionality within the Hymenophyllaceae, suggesting evolution in 
growth form, from a ribbon-like thallus to filaments and blades, ending with a totally filamentous growth form. Gemmae evolve from a 
two-dimensional plate of cells to a one-dimensional filament. S = Sphaerocionium. from Raine. et al. 1991. C - Callistopteris. T = 
Trichomanes s. s., from Farrar and Wagner 1968. V = Vandenboschia. from Farrar 1992. 
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An alternative hypothesis for the variability in gametophyte growth forms is expressed by Stone 
(1965). She suggested that the development of blades in Trichomanes s. 1. or s. s. occurs in hybrids and that 
irregular gametophytes tend to have a variable chromosome number. Observations on T. holopterum (Farrar 
and Wagner 1968) do not support this hypothesis. 
Hymenophyllaceae is thought to be specialized, both sporophytically and gametophytically, for a 
humid and dark environment (Holloway 1930; Stokey 1940; Stone 1965; Farrar 1993b). Holloway (1930) 
observed that the ribbon gametophytes of Hvmenophvllum s. 1. tend to grow in drier areas, such as a higher 
level in trees or at increased elevations compared to Trichomanes s. 1., which generally seem to be restricted to 
wetter forests. In addition, he found that species of Trichomanes s. 1. are not as tolerant to drying as are those 
of Hvmenophvllum s. 1. and that the gametophytes ofMecodium (H) rarum (R. Br.) Copeland were unaffected 
during dry periods, even when mosses in which they were growing were dry enough to crumble. Our 
observations on Callistopteris baueriana and other Hawaiian Hymenophyllaceae support the hypothesis that 
gametophytes of Hymenophyllum s. 1. are found in desiccated conditions more often than are those of 
Trichomanes s. 1. However, in Hawaii there is no correlation with altitude as suggested by Holloway (1930). 
We favor the view that the ribbon gametophyte is more primitive than the filamentous gametophyte 
and that the filamentous growth form evolved in response to wet habitats. Possible support for this view is 
found in gametophytes like Mecodium (H) pulcherrimum which grow as filaments in very moist culture 
conditions (Holloway 1930). Farrar and Wagner (1968) observed similar reversion of blade growth to filament 
growth in moist cultures of Trichomanes holopterum. Holloway (1930) suggested that if the thallus of 
Hvmenophvllum s. 1. has undergone any type of specialization in response to drier habits, it is probably special 
physiological resistance, similar to that of mosses, rather than morphological changes. From this viewpoint the 
greater morphological specialization in growth form has occurred in the Trichomanes lines. 
The unique combination of typical Hvmenophvllum s. I. and Trichomanes s. I. characters found in 
Callistopteris baueriana suggests that Q. baueriana may be useful in determining the mode and direction of 
morphological change in the family. In this discussion it is useful to note distinctions among the Copeland 
genera. Copeland's Hvmenophyllum s. s. differs from other Copeland segregates of Hvmenophvllum s. 1. in 
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that species of this genus do not produce gemmae. Copeland's Sphaerocionium Presl (H) is representative of 
the remainder of Hvmenophvllum s. 1. which produce ribbon-like thalli with two-dimensional plate-like 
gemmae. Species of Copeland's Trichomanes s. s. produce gametophytes composed of both filaments and two-
dimensional blades with one-dimensional gemmae. Copeland's Vandenboschia Copeland (T) and most of his 
other segregates of Trichomanes s. I. have gametophytes that are entirely filamentous and have one-dimensional 
gemmae. Among the gametophyte growth forms represented by these Copeland genera, Hvmenophvllum s. s., 
Sphaerocionium (H), Trichomanes s. s. and Vandenboschia (T), gametophytes of Callistopteris appear to 
complete a transitional series from the totally ribbon growth form of Hymenophyllum s. s. to the filamentous 
growth form of Vandenboschia (T't (fig. 2.35). In this case the evolutionary series starts with the ribbon growth 
form of Hvmenophvllum s. 1. and proceeds through the ribbon growth form of Callistopteris to the filaments 
and blades of Trichomanes s. s. and ends with the totally filamentous growth form of Vandenboschia (T). 
During this transition the gemmae evolve from the two-dimensional form of Sphaerocionium (H) to the one-
dimensional form found in Trichomanes s. s. and Vandenboschia (T), but with the transition beginning in 
Callistopteris with a ribbon growth form. 
A more accurate picture of character evolution is formed when additional characters are mapped onto 
a cladogram (table 2.1, fig. 2.36). Here the hypothetical ancestor is assumed to resemble Hvmenophvllum s. s. 
in possessing a ribbon growth form, long rhizoids used for anchorage, large complex antheridia and archegonia 
with long necks, and no gemmae. Recent DNA evidence (Hasabe et al. 1994) has shown the 
Hymenophyliaceae to be relatively basal compared to other leptosporangiate ferns. The most primitive of 
leptosporangiate ferns, the Osmundaceae, thus serve as an appropriate outgroup for determining plesiomorphic 
character states for the Hymenophyliaceae. Gametophytes of Osmundaceae have two to three-dimensional 
gametophytes, elongate rhizoids for anchoring the plant, large gametangia, and lack gemmae. The archegonia 
have multi-tiered necks and the antheridia are complex with many jacket cells. Hvmenophvllum s. s. possesses 
these plesiomorphic character states, but is considered to resemble the ancestral type, and not to be the direct 
ancestor for the family, because this analysis considers only gametophyte characters and is not intended as a 
rigorous cladistic analysis, but instead as a means for examining gametophyte character evolution. 
Figure 2.36. Hand constructed cladogram illustrating character evolution within the Hymenophyllaceae. A 
Hypothetical Ancestor; H = Hvmenophvllum s. s.; S = Sphaerocionium: C = Callistopteris: T 
Trichomanes s. s.; V = Vandenboschia. "?" indicates possible alternatives for evolution of the 
filamentous growth form. Character icons refer to the character states listed in Table 1. 
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Table 2.1. Hypothesized ancestral and derived character states of morphological characters used to 
construct cladogram 
Character Ancestral condition Derived condition 
Habit Ribbon-like thallus Filamentous or fliamentous with blades 
Rhizoid shape Elongate Short, swollen; glandular 
Number of cells per tier in archegonial neck Six to ten tiers Four tiers 
Antheridia jacket size and complexity Large, more than five cells Small, five ceils or less 
Gemmae presence or absence Absent Present 
Gemmae shape (when present) Two-dimensional, thalloid One-dimensional, filament-like 
Gemmifer shape (when present) Wide, round Elongate, flask-shaped or with apical protuberances 
The evolution of gemmae on gemmifers sets the stage for further evolution within the family. The 
plesiomorphic condition for gemma shape is to resemble the morphology of the thallus from which it came, i.e. 
a two-dimensional plate of cells. The gemma would sit on a wide, roundish gemmifer, which is the form least 
modified from a marginal cell. Sphaerocionium (H) possesses two-dimensional gemmae on wide, bulbous 
gemmifers, and also retains plesiomorphies such as the ribbon growth form, long rhizoids fiinctioning in 
anchorage, large complex antheridia and long-necked archegonia. 
From a gametophyte resembling Sphaerocionium (H), evolution proceeds with a reduction in the 
number of tiers of cells in the archegonial neck to four and the beginning of reduction in size and complexity of 
the antheridia. In derived leptosporangiate fern families, as defined with rbcL data by Hasabe, et al. (1994), 
gametophyte synapomorphies include four tiers of the archegonial neck cells and small antheridia, which 
consist of a defined, few number of ceils. Callistopteris. Trichomanes s. s. and Vandenboschia (T) all possess 
archegonial necks with four tiers of cells. Callistopteris exhibits a reduction in size and complexity of the 
antheridia, which also occurs to some extent in Trichomanes s. s. and is most reduced in Vandenboschia (T). 
Evolution of gemmae and gemmifers is evident in Callistopteris. Trichomanes s. s. and Vandenboschia 
(T). All three possess one-dimensional gemmae which sit on gemmifers that are longer than wide. Compared 
to Sphaerocionium (H) with wide, round gemmifers, the elongate gemmifers found in Callistopteris. 
Trichomanes s. s. and Vandenboschia (T) are more specialized and thus probably more derived. Callistopteris 
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has gemmifers with apical protuberances, whereas those ofTrichomanes s.s. and Vandenboschia (T) have 
become flask-shaped. 
From an ancestor similar to Callistopteris or in one which has evolved a blade and filamentous growth 
form, Trichomanes s. s. and Vandenboschia (T) are presumed to evolve (fig. 2.36). The production of a blade 
and filamentous form may have evolved prior to the split ofTrichomanes s. s. and Vandenboschia (T), but it is 
also possible that the Trichomanes s. s. and Vandenboschia (T) lines evolved filaments separately from a 
Callistopteris-like ancestor. The latter case is most plausible because of the specialization of the short, 
glandular rhizoids and the distinctiveness of the short determinate gemmae (of four cells only, with the two end 
cells predetermined as rhizoid primordia) ofTrichomanes s. s. (Farrar and Wagner 1968), as well as the distinct 
reduction in size and complexity of the antheridia in Vandenboschia (T). 
In either case, Trichomanes s. s. has a blade and filamentous growth form in which the blades provide 
the main photosynthetic function, the filaments perform the anchorage function of normal rhizoids and the 
rhizoids have been free to evolve into other structures (Farrar and Wagner 1968). Here, also the gemmae have 
become very specialized. Vandenboschia (T), on the other hand, is totally filamentous, the filaments 
functioning in photosynthesis, and the rhizoids anchoring the plant. In Vandenboschia (T) the antheridia have 
become reduced in size and consist of a discreet number of cells. 
Callistopteris baueriana has a unique combination of characters, which traditionally have been thought 
to be specific to either Hymenophyllum s. 1. or Trichomanes s. 1. Its thalloid growth form and one-dimensional 
gemmae, as well as other characters, provide insights into the possible evolution of gametophyte morphology in 
the Hymenophyllaceae. If the proposed scheme is correct, the filamentous growth form is more derived than 
the thalloid. It is especially noteworthy that this transition of gametophyte forms occurs within a highly 
specialized family where the morphology and complexity of the gametophyte are unique among ferns. 
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3. GERMINATION AND SURVIVAL OF EPIPHYTIC AND TERRESTRIAL 
FERN GAMETOPHYTES IN BRYOPHYTE MATS 
Introduction 
Gametophytes of terrestrial ferns germinate and grow on substrates such as soil or rock, usually in 
disturbed microhabitats where competition with other plants is limited (Peck et al. 1990). They are short-lived, 
usually dying after one season and often before sporophyte production (Peck et al. 1990). Tryon (1972,1986) 
describes them as the most vulnerable phase of the fern lifecycle, consisting of one to few cells and subject to 
adverse conditions. Holbrook-Walker and Lloyd (1973) add that prolonging the gametophyte phase prior to 
sporophyte production could be detrimental in certain environments. This is true in the case of terrestrial 
gametophytes at Woodman Hollow, Iowa (Peck et al. 1990) where gametophytes, once growing in bare areas of 
disturbance, were eliminated by bryophyte competition and by substrate erosion. In addition, limited spore 
dispersal, substrate moisture content, surface stability and other microedaphic-microclimate conditions influenced 
gametophyte establishment and successful sporophyte production. 
Some of these same factors, undoubtedly, influence the establishment of epiphytic gametophytes. 
However, unlike terrestrial ferns, gametophytes in epiphytic habitats tend to be long-lived and often clonal. The 
majority of epiphytic ferns (>80%) are found in Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae 
and Elaphoglossaceae, all of which produce long-lived gametophytes (Chapter 5). In contrast to the disturbed, 
ephemeral nature of the habitat of gametophytes of terrestrial species, epiphytic habitats are more stable. Here, 
bryophyte mats are the substrate, and although conditions within and among bryophyte mats are variable, the 
bryophyte mat on a tree limb or trunk is long-lived relative to the life span of most terrestrial fern gametophytes. 
However, conditions within the mat vary due to the nature of the substrate, availability of nutrients, amount of 
competition, microclimate, inclination of the surface which determines the supply of water and nutrients, and the 
amount of light (Richards 1984). Atmospheric humidity and periodic diying of the bryophyte mat also contribute 
to variability. 
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To be successful in any habitat, spores must germinate and resulting gametophytes must survive and 
produce viable sporophytes. Spore germination depends on an adequate supply of moisture, appropriate 
temperature and pH, and availability of suitable light (Nayar and Kaur 1971). Following sporangial dehiscence, 
germination rates vary among fern species, ranging from a few hours in some Hymenophyllum Smith species to 
210 days in Plagiogyria Link (Lloyd and Klekowski 1970). Typical germination time is from 1-10 days. In 
epiphytic fern families, spore germination is shorter in the Hymenophyllaceae and Grammitidaceae, less than three 
days, compared to that in Polypodiaceae of one to nine days (Lloyd and Klekowski 1970). Some species of 
Hymenophyllaceae and Grammitidaceae begin germination while still inside the sporangium (Stokey and Atkinson 
1958; Atkinson 1960). Terrestrial species average approximately 10 days to germination (Lloyd and Klekowski 
1970). Germination potential, the percent of gametophytes formed per a given number of spores, was found to be 
variable and ranged from 50-94% in terrestrial species in Iowa (Peck et al. 1990). 
Following germination, the spore divides, usually producing a rhizoid first, and then a uniseriate filament, 
which eventually develops into a plate of cells which becomes the mature gametophyte thallus. In the 
Hymenophyllaceae, germination results from a triangular-shaped spore, in which the three arms develop into 
rhizoids or filaments which then form thallus plates (Holloway 1930; Stokey 1940; Stone 1958; Yoroi 1972). The 
filamentous stage in the Grammitidaceae is prolonged and can result in highly branched filaments before thallus 
production. Development of the gametophyte is slow in the Hymenophyllaceae and Grammitidaceae compared to 
other ferns (Stokey 1940; Stone 1958). In the Hymenophyllaceae, gametangia formation is reported to occur in 9 
months to 3-1/2 years after initial spore sowing (Holloway 1944; Stokey 1948). Gametophyte maturation in the 
Polypodiaceae is reported to occur in 6-12 months (Nayar and Kaur, 1971). In general, gametophytes in epiphytic 
habitats develop slower than those of terrestrial gametophytes. In terrestrial fem gametophytes, spore germination, 
gametophyte development, and gametangia formation usually occur within one growing season, usually within 2-3 
months. 
Fem gametophytes in epiphytic habitats not only take a long period of time to develop, but they also live 
longer (Chapter 1). Epiphytic fem gametophytes are ribbon-like, strap-shaped or filamentous, and often branched, 
developing clonal growth. Observations of these gametophytes in their epiphytic habitat within biyophyte mats 
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reveals that they are interwoven with the bryophytes. These observations suggest that the persistent gametophytes 
of epiphytic ferns evolved their morphologies to better compete with bryophytes in the epiphytic habitat. 
Persistence and physical elongation allow fern gametophytes increased opportunity for encountering favorable 
space and/or time for the production of sporophytes. If this is indeed the case, then terrestrial, short-lived 
gametophytes should not compete as well in the epiphytic habitat Thus, if spores of fern species from terrestrial 
and from epiphytic habitats are sown into epiphytic bryophyte mats, then: 
1. Terrestrial species with short-lived gametophytes should not survive in bryophyte mats. 
2. Epiphytic species with persistent gametophytes should survive in bryophyte mats. 
Materials and Methods 
Spores of Hawaiian, terrestrial and epiphytic fern species (table 3.1) were sown into bryophyte mats 
collected from Hawaii (fig. 3.1 A). Spores were collected by D. Farrar from Hawaii in August 1992 and March 
1993. Bryophyte mats were also obtained by D. Farrar, in March 1993, from two natural populations on the island 
of Hawaii; one from near the junction of Stainbeck Road and Highway 11, at 91 m elevation; and the other on the 
windward side of Mauna Loa, 12 miles north of the junction of Stainbeck Road and Highway 11, at 975 m. 
Table 3.1. Taxa of spores tested for growth in epiphytic 
bryophyte mats 
Terrestrial Species 
Thefypleris parasitica (L.) Fosberg 
Macrothefypteris torresiana (Gaud.) Ching 
Alhyrium microphyltum (Sm.) Alston 
Cibotium glaucum (Sm.) Hook & Amott 
Sadleria cyatheoides Kaulf. 
Pityrogramma austroamericana Domin 
Epiphytic Species 
Lepisonis thunbergianus (Kaulf.) Ching 
Potypodiumpellucidum Kaulf. 
Figure 3.1. Procedure and results for sowing terrestrial and epiphytic fern species in epiphytic bryophyte 
mats. A, Bryophyte mats from Hawaii were tied to 5 cm x 5 cm boards and placed in a humid 
chamber in the greenhouse to simulate the epiphytic habitat. B, Bryophyte limbs showing sowing 
procedure where white discs of paper were placed on top of the mat during sowing. The discs 
were checked for the presence of spores. C, Bryophyte limbs after sowing terrestrial and 
epiphytic species on the mats. Each terrestrial species was sown next to its control epiphytic 
species. The red ties separate terrestrial-epiphytic pairs and the white ties separate the areas where 
the terrestrial and epiphytic species were sown. D, Bryophyte limbs four months after sowing. 
Bryophytes are growing well. E, Procedure for mat sampling after two years. Strips of mat, 2.5 
cm wide, were cut from each area. F, Bryophyte limbs after two years, with bryophytes from 
adjacent logs growing together. G, Cut section of mat after removal from bryophyte limb. H, 
Sporophytes of Dicranopteris linearis and Cibotium sp. found on bryophyte limbs 2 years after 
sowing. Most were dead or dying. 
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Sections of bryophyte mats approximately 8-10 cm wide and 20-30 cm long were collected by cutting 
approximately 5 mm of the top layer of bark or wood from limbs and logs. These were then placed in plastic bags 
and mailed promptly to Iowa State University, where they were refrigerated imtil used. 
Approximately one month after collection, sections of bryophyte mats from the same population were 
tied to a 5 cm X 5 cm pine board, covered with about 2.5 cm of wet Sphagnum L., in order to simulate a limb 
covered with bryophytes, typical of the tropical epiphytic habitat. For each limb, the composition of bryophytes in 
the mat was relatively similar across the entire limb. In general, a limb had bryophyte mats approximately one to 
three cm thick and possessed either Riccardia Gray emend. Carr sp. or Rhacopilum cuspidigerum (Schwaegr.) 
Aongstr. as the primary bryophyte component. Bryophyte mats composed mainly of Riccardia were densely 
packed with upright Riccardia and contained a few scattered plants of leafy liverworts and mosses, or were less 
densely packed with Riccardia and had a more varied composition of other bryophytes, including Rhizogonium 
spiniforme (Hedw.) Bruch, Hypnum Hedw. sp., Thuidium B.S.G. sp., Distichophyllum paradoxum (Mont.) Mitt., 
Campylopus Brid. sp. and several leafy liverworts. Those mats dominated by Rhacopilum cuspidigerum possessed 
Riccardia sp., other shiny pleurocarpous mosses and various leafy liverworts. 
Six species of Hawaiian terrestrial ferns were sown in separate areas onto the limbs, each next to a 
Hawaiian epiphytic fern species, either Lepisorus thunbergianus or Polypodium pellucidum. These two epiphytes 
were used as controls to make sure that the limb conditions were suitable for epiphytic species growth. Lepisorus 
thunbergianus and Polypodium pellucidum belong to the Polypodiaceae and were chosen as controls because of 
the abundance of spores naturally produced by each (and their relatively rapid growth compared to species of 
Hymenophyllaceae and Grammitidaceae). The pattern of sowing on each limb consisted of a terrestrial species 
paired with an epiphytic species (figs. 3.1C, 3.2). Each limb possessed three terrestrial species each paired with 
their respective epiphytic control. Spores were sown from each terrestrial species on three different logs and 
against both epiphytic controls. To insure that spores were sown during the sowing process, paper discs were 
placed in the area designated for sowing, and then checked for the presence of spores when sowing was completed 
(fig. 3.IB).. After spores were sown onto the "limbs," the limbs were suspended horizontally in a humid chamber 
in the greenhouse (fig. 3.1 A). The limbs were kept moist by periodic mist from mist humidifiers and a regime of 
Figure 3.2. Examples of the pattern of spore sowing on bryophyte limbs. Each limb consists of a terrestrial species paired with an epiphytic species. 
Sadleria Polypodium Macrothelypteris Polypodium Pityrogramma Polypodium 
Cibotium Thelypteris Lepisorus Lepisorus Athyrium Lepisorus 
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overhead spraying with deionized water three times per week. To simulate rain, and to reduce the possibility of 
cross contamination of spore treatments and the possibility of spores being washed out of the bryophyte mats, 
overhead spraying was gentle and at least 10 cm above the mats. Spores of each species were also sown onto 
0.7 %agarwithBold'smacronutrients (Bold 1957), plus Nitsch'smicronutrients(Nitsch 1951), plus 1% iron to 
verify viability of spores. 
Two years were allowed for fern gametophyte growth to insure that sporophytes would have a chance to 
grow and develop. The greenhouse humid chamber also contained spore-producing plants of terrestrial ferns and 
cultures of several species of Vittariaceae. Though not directly sown on the bryophyte mats, spores of these 
species undoubtedly periodically reached the mats during the course of the experiment. 
After two years, the bryophyte limbs were sampled by cutting 2.5 cm strips of the mat from each of the 
six sections on each limb (fig. 3.IE, G). Sample sections of mat were carefully teased apart under a dissecting 
microscope. All fern gametophytes present were preserved in Hoyer's solution (Anderson 1954) for subsequent 
identification. 
Results 
Spores, from all fern species that were sown on artificial limbs, germinated and gametophytes grew in the 
agar cultures. Four months after sowing, the bryophytes on the limbs were growing well (fig. 3.1 D). Two years 
after sowing, the bryophytes were still doing well (fig. 3.IF). In fact, they had grown so well that bryophytes from 
adjacent limbs were growing together and the bryophyte mats were dense and thick (fig. 3.1G). 
After two years, seven species of ferns, three as sporophytes and four as gametophytes, were found 
growing in or on the bryophyte limbs (table 3.2). The sporophytes included one plant of Dicranopteris linearis (N. 
L. Burm.) Underw. (Gleicheniaceae), fourteen plants of Cibotium sp. (Cyatheaceae), and four plants of 
Gonocormus minutus (Bl.) van den Bosch (Hjmenophyllaceae). Both D. linearis and Cibotium sp. are terrestrial 
species. Sporophytes of both were mostly dead or dying (fig. 3.1H). In contrast, sporophytes of G. minutus, an 
epiphytic species, were healthy and growing. 
Gametophytes were also found growing in or on the bryophyte mats (table 3.2). A total of seven 
heart-shaped gametophytes of an undetermined species occurred on the exposed side of a limb devoid of 
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bryophytes. Gametophytes of two species of Hymenophyllaceae, Callistopteris baueriana (Endl.) Copel. and 
Mecodium recurvum (Gaud.) Copel., were growing well, usually several centimeters beneath the surface of the 
mat (fig. 3.3G), interwoven among bryophytes (fig. 3.3A). Antheridia and gemmae were present on both 
species (fig. 3.3D). Gemmae of both were found individually dispersed within the bryophyte mat (fig. 3.3C). 
Table 3.2. Character and condition of fern taxa found on bryophyte limbs 
Taxon Gametophyte longevity Typical habitat Condition in bryophyte mats 
Sporophyte Taxa 
Cibotium Kaulf. short-lived terrestrial most dead 
Dicranopteris Bemhardi short-lived terrestrial most dead 
Gonocormus van den Bosch persistent epiphytic alive and well 
Gametophyte taxa 
Undetermined, heart-shaped short-lived terrestrial alive, but found only in patches devoid of 
bryophytes 
Callistopteris Copeland peisistent epiphytic alive and well; + antheridia and gemmae 
Mecodium PresI persistent epiphytic alive and well; + antheridia and gemmae 
Vittaria Smith persistent epiphytic alive and well; usually small or germinating 
from spore; + antheridia and gemmae 
Gametophytes of another epiphytic fern species, Vittaria sp. (Vittariaceae), were found mostly toward 
the top of the mat, usually as very young plants, either in the filamentous stage or with small thallus plates. 
Filaments were often relatively long before thallus plates formed. Germinating gametophytes were often 
growing in leaf axils or among rhizoids of mosses (fig. 3.3E). Relatively few mature gametophytes of Vittaria 
were found, but those that were, possessed both antheridia and gemmae and were intermixed with bryophytes 
in the mat (fig. 3.3B). 
The thickness of the bryophyte mat varied from 1-6 cm and was dependent on the species composition 
of bryophytes in the mat. Rhacopilum cuspidigerum, a prostrate, pleurocarpous moss, was the primary 
component of mats with depths of 1-2 cm. The most dense populations of Vittaria sp. occurred in these mats, 
where its gametophytes were most commonly present in the leaf axils or tomentum of R. cuspidigerum (fig. 
3.3E). Vittaria gametophytes were also occasionally present in the leaf axils of other mosses, such as Hypnum 
sp. or Thuidium sp., or rarely found in the leaf axils of leafy liverworts. 
Figure 3.3. Gametophytes, gemmae and sporangia in bryophyte mats. A, Callistopteris baueriana 
gametophytes interwoven with bryophytes within bryophyte mat. B, Mature gametophytes of 
Vittaria lineata intermixed with bryophytes. Rhacopilum cuspidiaerum stem present in 
foreground. C, Gemma of Q. baueriana. dispersed within bryophyte mat, and sitting on top of 
moss leaf. D, Antheridia on ventral surface of thallus of Q. baueriana. E, V. lineata germinating 
gametophytes (arrows) among tomentum on stem of R. cuspidigerum. F, Sporangia (arrows) of 
cf. Vittaria dispersed to the base of a bryophyte mat. G, Section of bryophyte mat from limbs 
showing Q. baueriana (arrow) growing 3.5 cm beneath the surface the bryophyte mat. 
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Thick mats, 4.5-6.0 cm, were composed mainly of dense, upright branches of Riccardia sp. In these 
mats there were usually no fern gametophytes present. Mats of intermediate thickness, 2.0-4.5 cm, were 
usually composed of a more variable mixture of bryophytes. Gametophytes of Mecodium recurvum and 
Callistopteris baueriam were usually growing toward the base of the mat, between the green, living layer of 
bryophytes and the brown humus layer below (fig. 3.3G). These two species grew in the thinner mats, as well 
as those of intermediate thickness. Sporangia and spores of cf. Vittaria, dispersed from plants in the 
greenhouse chamber, were scattered, often densely so, throughout many of the mats (fig. 3.3F). 
Discussion 
Of the three species found growing as sporophytes on the bryophyte limbs, two of them, Dicranopteris 
linearis and Gonocormus minutus, were not sown onto the logs during the sowing procedure. There were no 
spore sources of these two species in the greenhouse chamber in which they were growing. Thus, the source of 
these two species probably came from Hawaii. Spores of Cibolium glaucum were sown onto the limbs during 
the sowing procedure, but the sporophytes of Cibotium sp. that were growing on the limbs were not C. 
glaucum. There were not any spore sources for Cibotium in the greenhouse chamber, thus again, the source for 
the sporophytes probably came from Hawaii, within the bryophyte mat collections. 
The sporophytes of Dicranopteris linearis and Cibotium sp. were mostly dead or dying. This was 
probably not caused by the growing conditions inside the greenhouse chamber because the bryophytes on the 
limbs were healthy and growing. Furthermore, sporophytes of epiphytic species transplanted to similar "limbs" 
were growing well elsewhere in the chamber. From these observations, it is reasonable to conclude that these 
two terrestrial species may not survive on bryophyte covered limbs in the epiphytic habitat, because the 
sporophytes cannot mature and produce spores. In contrast, the sporophytes of Gonocormus minutus, an 
epiphyte, were healthy and growing in the bryophyte mats. 
None of the species found growing as gametophytes were sown onto the bryophyte limbs during the 
sowing procedure. Heart-shaped gametophytes from the original sowing, two years prior, were not expected to 
survive for the two years. Several sources of spores from terrestrial species, which possess heart-shaped 
gametophytes, were present in the greenhouse chamber. The heart-shaped gametophytes present on the limbs, 
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therefore, were probably derived from species within the chamber. In contrast, there were no spore sources of 
Callistopteris baueriana or Mecodium recurvum in the greenhouse chamber, thus the original source of their 
gametophytes must be from Hawaii. Both of these species probably arrived as gametophytes or spores, already 
intermixed with the bryophytes in the mat, from Hawaii. The healthy growth and formation of antheridia and 
gemmae indicate that these two species are able to survive in the bryophyte mats, although no sporophytes were 
found. 
The gametophytes of Vittaria sp. were mostly immature or occurred as germinating filaments. Spores 
of Vittaria were not sowed in the original procedure, but there were spore sources from several species 
throughout the chamber. Their presence and growth indicates that Vittaria can germinate and grow within a 
bryophyte mat. Most likely, the sporangia and spores found throughout many of the mats originated from 
Vittaria sporophytes growing in the chamber. Their presence demonstrates the ability of spores to reach all 
depths of a bryophyte mat. 
From the original spore sowings two years prior, none of the species were found growing in any of the 
bryophyte limbs, although spores of all species were viable. It is unknown whether gametophytes of any of 
these species germinated and grew for any time prior to sampling. A repeat of this experiment is necessary to 
determine whether these species develop within the bryophyte mat a short time (4-6 months) after sowing. 
Thus, conclusions from the original experimental procedure are inconclusive. Of all the species sown, at least 
Lepisorus thunbergiams and Polypodium pellucidum, the epiphytic control species, were expected to grow. It 
is possible that conditions for germination were not correct, or perhaps overhead watering was not gentle 
enough and washed the spores from the mats. Another possibility is that gametophytes grew for some time but 
did not survive two years in the very dense growth of bryophytes during the experiment. 
Even though results from the original sowing procedure were inconclusive, some important 
conclusions can be drawn from the fern species that did grow in the bryophyte mats. First, the bryophyte mat is 
a difficult environment for fern gametophytes. With ail the species sown, only three species were found 
growing in the mat. Secondly, heart-shaped gametophytes grew only on exposed areas devoid of bryophytes, 
and sporophytes of these species, when formed, did not mature in the bryophyte mats. This indicates that 
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terrestrial ferns may not be able to survive in bryophyte mats of epiphytic habitats. Lastly, gametophytes of 
Hymenophyllaceae and Vittariaceae grew well in the bryophyte mats. This was expected because they are 
epiphytic ferns with persistent, clonal gametophyte growth. 
Looking inside the bryophyte mat, it is possible to observe the adaptations for survival of epiphytic 
fern gametophytes in this environment. Fern gametophytes were not found in mats consisting mostly of dense 
Riccardia branches, probably because of the density of the Riccardia. Dense mats of Riccardia had very few 
other bryophyte species intermixed, except along the top of the Riccardia branches. In contrast, fern 
gametophytes were present in less dense mats, even deep ones, of more variable bryophyte composition. 
Gametophytes of Callistopteris baueriana and Mecodium recurvum grew towards the base of the mat, 
expanding horizontally and vertically by persistent, clonal growth and branching (fig. 3.3A, G), whereas 
Vittaria was found more towards the top of the mat intermixed with the bryophytes (fig. 3.3B). Long-lived, 
branching gametophytes also allowed Vittaria to interweave among the bryophytes. 
For Vittaria, and probably other epiphytic fern species, bryophyte composition of the mat played an 
important role in spore germination and gametophyte development. Germinating spores and developing 
gametophytes of Vittaria were most often found in the leaf axils (fig. 3.3E) and amongst the tomentum of the 
pleurocarpous moss, Rhacopilum cuspidigerum. The leaves of R. cuspidigerum are slightly spreading from the 
stem and not appressed (fig 3.3B). This seemed to be important for Vittaria gametophytes because they were 
not found in mosses or liverworts with closely appressed leaves or in those with wide-spreading leaves. Other 
mosses in which the germinating gametophytes were found included Hypnum sp. and Thuidium sp., both of 
which have loosely spreading leaves similar to R. cuspidigerum. Gametophyte germination of Vittaria tended 
to favor prostrate pleurocarpous mosses, although a few germinating gametophytes were found in the leaf axils 
of Rhizogonium spiniforme. Germinating gametophytes of Vittaria were not found associated with Riccardia, 
perhaps because Riccardia does not offer leaf axils for spore germination or gametophyte growth. 
Gemmae, from Callistopteris baueriana (fig. 3.3C), Mecodium recurvum and Vittaria sp., were also 
found within the bryophyte mats. Mature and immature gemmae occurred attached to gametophyte branch tips. 
They were also found toward the base of the mat, as well as further toward the top, adhering to bryophytes. 
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When dispersed in the mat, they were often found several centimeters from the nearest fern gametophyte. 
Some of the gemmae of M. recurvum were beginning to germinate into new thalli. Apparently, gemmae can be 
dispersed within a bryophyte mat and germination into new plants can occur. 
The features of gametophyte development and form in the epiphytic ferns, Callistopteris baueriam, 
Mecodium recurvum and Vittaria sp., that are important to survival in epiphytic bryophyte mat habitats were 
observed in the bryophyte mats in this experiment. These include indeterminate, branched gametophytes 
intermixed and spread among the bryophytes; spore germination and gametophyte development in leaf axils of 
bryophytes taking advantage of the wetter and more protected microhabitats of leaf axils; and formation and 
dispersal of gemmae in the bryophyte mats growing into new gametophytes and extending the spread of the 
gametophytes within the bryophyte mat. Terrestrial fern gametophytes lack features such as these that enhance 
survival in the harsh epiphytic environment. 
Despite the inconclusive results of this experiment, sowing terrestrial and epiphytic fern species into 
bryophyte mats is a useful test for the role of long-lived gametophyte growth forms in epiphytic habitats. It is 
worth repeating, especially in natural environments where conditions are real and bryophyte growth occurs at 
natural rates. 
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4. SIGNIFICANCE OF GREEN SPORES IN EPIPHYTIC FERNS 
Introduction 
Spores are the first stage in the establishment of ferns in a new location. After spore dispersal, successful 
establishment depends on spore germination and subsequent gametophyte development. Spore germination occurs 
with the observation of one or more of the following events: imbibition, splitting of the spore coat, cell division in 
the spore, rhizoid formation, or outgrowth of daughter cells (Lloyd and Klekowski 1970; Nayar and Kaur 1971; 
Raghavan 1989). Following cell division in the spore, a rhizoid and a filament usually develop. Generally, the 
filament produces a prothallus, which will eventually grow into the mature gametophyte thallus. Several 
classifications schemes have been formed for spore germination (Nayar and Kaur 1971). Most fems produce one 
rhizoid and one filament after the initial division within the spore. 
The initial division in spore germination can be polar or equatorial and result in cells of equal or unequal 
size. An exception to this pattern occurs in the Hymenophyllaceae (Holloway 1930; Stokey 1940; Stone 1958; 
Atkinson 1960; Yoroi 1972), in which the trilete spores, upon imbibition, become triangular in shape, 
differentiating three distinct poles. More than one division takes place before formation of rhizoids or filaments. 
This happens in two ways. The first, after two divisions, produces three cells of equal size, each of which may 
produce either a rhizoid or a filament. In the second case, three initial divisions result in a central cell and three 
smaller cells cut ft'om the poles of the triangular spore. Each smaller cell can develop into a rhizoid or filament. 
Most fems produce spores that are nongreen at release, but in some species, the spores are green at 
maturity. In addition to mature chloroplasts, green spores tend to have a higher water content and lower levels of 
lipids, fats and proteins compared to nongreen spores (Lloyd and Klekowski 1970), and are reported to have high 
respiration rates (Lloyd and Klekowski 1970; Raghavan 1989). Green spores are produced by all members of 
Hymenophyllaceae, Grammitidaceae, Osmunda L. (Osmundaceae), Blechnum nudum (Labill.) Luerss. 
(Blechnaceae), Lomariopsis sorbifolia (L.) F^e (Lomariopsidaceae), Christiopteris Copeland and Marginariopsis 
C. Chr. (Polypodiaceae), Matleuccia Tod., Onoclea L. and Onocleopsis F. Ballard (Aspleniaceae), and Equisetum 
L. (Equisetales) (Lloyd and Klekowski 1970). 
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Lloyd and Klekowski (1970) noted that green spores are viable for a shorter amount of time, an average 
of 48 days, compared to nongreen spores with an average viability of 1,045 days. They also reported that green 
spores germinate more rapidly, in an average of 1.46 days, compared with nongreen spores which average 9.5 days 
for germination. Moreover, some species of Hymenophyllaceae and Grammitidaceae germinate before release 
from the sporangiimi (Stokey and Atkinson 1958; Atkinson 1960). Lloyd and Klekowski also state that green 
spores result in faster-growing gametophytes compared to ferns with nongreen spores. They attribute the short 
viability and rapid germination of green spores to the presence of active chloroplasts, constant respiration and lack 
of dormancy in green spores. They also suggest that the absence of dormancy in green spores in the Osmundaceae 
and Equisetaceae is due to the lack of selective pressures in the consistently wet habitat in which these ferns live. 
In addition, rapid germination and gametophyte growth have evolved in response to competitive selective 
pressures within the habitat. 
In the case of Hymenophyllaceae and Grammitidaceae, the latter two hypotheses do not apply. Both 
families are tropical epiphytes. Conditions in the epiphytic habitat are much different than in the habitats of 
Equisetum or Osmunda. Within the bryophyte mats the amount of light is very low, having to pass through the 
canopy of trees, shrubs and vines in the forest, as well as through the canopy of bryophyte leaves in the epiphytic 
microhabitat. Gametophytes of Ojwuwi/iat require high light to develop (Raghavan 1989). Thus, selective 
pressures in the epiphytic habitat differ from those for Equisetum or Osmunda. In addition, fern gametophytes 
must compete with bryophytes within the dense bryophyte mats of epiphytic habitats. 
Gametophytes in Hymenophyllaceae and Grammitidaceae do not conform well to the green spore 
strategy described by Lloyd and Klekowski (1970). They proposed rapid gametophyte growth as a principal 
advantage of green spores, however growth is not rapid in these two families. Rather, these gametophytes are very 
slow in development, taking up to 7 years to grow in culture (Stokey 1940; Stokey and Atkinson 1958; Stone 
1960,1965). Thus, the significance of green spores is uncertain in these epiphytic ferns. 
Species of two of the three families with gemmiferous gametophytes also have green spores. Gemmae 
are proposed as an adaptation to promote outcrossing between distant gametophytes through gemmae dispersal 
from clone to clone on separate limbs or trees. The observation that island floras contain a higher proportion of 
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fern species with gemmiferous gametophytes than do mainlands can be explained by this hypothesis (Chapter 5). 
Most of these of gemmiferous species occur in the Hymenophyllaceae and Grammitidaceae which also have green 
spores. The contribution of green spores to the success of these species in colonizing islands is unknown. 
One possible contribution of green spores might be a competitive advantage in the epiphytic habitat 
through survival in the very reduced light conditions within the biyophyte mat. The experiments presented here 
test the hypothesis that green-spored species are superior survivors in dim or dark habitats. 
Materials and Methods 
Spores of fern species with green and nongreen spores were sown on culture media and placed in 
treatments varying m the quantity and quality of light provided. A similar procedure was performed twice, each 
with a different compliment of species and slightly different variations in light treatments. The light quantity 
treatments were designed to simulate the conditions within a bryophyte mat. An estimate for the level of light 
received outside of the mat beneath a forest canopy was used as the control. Estimates for light treatments were 
taken from Frankland (1986) and based on irradiance values for direct sunlight and below leaf shade for a leaf area 
index of 4. The PAR value given for light quantity below leaf shade is 60 |imol/m"s, which is 3.5% of full 
sunlight. 
In this experiment, approximately 30 nmol/m^s was used for this value, assuming a forest canopy of more 
than one layer, usually the case in tropical rainforests. This was also the approximate value obtained by building a 
forest canopy from potted trees in the greenhouse. The amount of light within a bryophyte mat, i.e., under a 
bryophyte canopy, was estimated at 3.5% of 30 jimol/m^s, or 1.1 |imol/m^s. Light amounts lower than this were 
also tested because many layers of bryophytes often form the canopy over epiphytic fern gametophytes. 
Various light levels were created in a tall, upright wooden cabinet with an open top (fig. 4.1 A, B). In the 
first experiment the light source was from normal laboratory lighting plus indirect light from a nearby window, 
producing 30-43 nmol/m^s of light at the highest level. In the second experiment the cabinet was placed in the 
greenhouse and the amount of light entering the top of the cabinet was controlled by building a forest canopy 
above the cabinet from potted trees in the greenhouse. This canopy was created by Liriodendron tulipifera, 
Fraxinus americana, Persea sp., Acer rubrum, Cladrastis lutea, Populus deltoides. Ginkgo biloba, Tilia 
Figure 4.1. Materials and methods used to investigate the significance of green spores in epiphytic ferns. A, B, 
Cabinet used to create various reduced light conditions. Note that top shelf is open on the top. 
Reduced amounts of light were created by covering the glass shelves with cheesecloth so that each 
of the two lower shelves received less light than the shelf above. C, Method for sowing fresh green 
spores directly from fronds in the second experiment. The fronds were placed sporangia side down 
on a wire mesh over an agar plate. 
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americana, Diospyros virginiana, Drimys grebadensis. Sassafras albidum and Alnus glutinosa. The amount of 
light on the top shelf under this canopy ranged from 10 to 32 (xmol/m^s, with 90 to 95 [imol/m's occurring in a sun 
fleck. This experiment was designed to simulate the light quality under a natural forest canopy, i.e. after filtering 
through green leaves. 
Reduced amounts of light, for the treatments representing light within a bryophyte mat, were obtained by 
using a series of cheesecloth-covered glass shelves placed at different levels within the cabinet. In this manner 
with three shelves, the resulting light treatments in the first experiment were 30-43 nmol/m^s (top shelf), 0.29-0.31 
Hmol/m^s, and 0.08-0.09 nmol/m^s, and in the second experiment, 10-32 nmol/m^s (top shelf), 0.95-1.40 nmol/m^s 
and 0.15-0.21 nmol/m^s. The first experiment also included a dark treatment. 
In both experiments, spores of species with green and species with nongreen spores were sown on 0.7% 
agar plates with Bold's macronutrients (Bold 1957), plus Nitsch'smicronutrients(Nitsch 1951), plus l%iron. 
Four species with green spores and three with nongreen spores were used in the fu^t experiment and five with 
green spores and three with nongreen spores were used in the second experiment (table 4.1). One plate of each 
species was used in each of the three treatments. In the first experiment, the dark treatment was made by wrapping 
the agar plates in aluminum foil. 
In the first experiment, a second set of plates was given a pretreatment of 24 hours of light on the top 
shelf prior to placement in lower light conditions and darkness. Their treatment was to simulate natural conditions 
of spore dispersal where spores may experience a period of time on the surface before entering the conditions 
within the bryophyte mat. 
The species of epiphytic green-spored species and the sowing methods differed in the two experiments 
(table 4.1). In the first experiment, sterilization of fronds or spores was used on some species. If sterilized, fronds 
or spores were placed in 10% bleach for 2-3 minutes, then rinsed with sterile, deionized water. For free spores, the 
deionized water and spore mixture was spread onto the agar plate. For fronds, after blotting, they were taped to 
the inside top of the petri dish lid and the spores were allowed to naturally dehisce from the sporangia. Epiphytic 
green-spored species from Hawaii were collected as fronds and then stored in a cold room until use. The spores of 
Matteuccia struthiopteris and nongreen-spored species were dried directly from the field. 
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Table 4.1. Taxa sown and methods of sowing in experiments designed to test spore germination of 
green spores and nongreen spores in reduced light conditions 
Genus Family Collection data Method of sowing 
Experiment 1 
Vandenboschia auriculata 
(Blume) Copeland 
Adenophorus tripimatifidus 
Gaud. 
Adenophorus monlanus 
(Hillebr.) W. H. Wagner 
Matteuccia stnithiopteris 
(L.) Todaro 
Polypodium pellucidum 
Kaulf. 
Lepisorus thunbergianus 
(Kaulf.) Ching 
Hymenophyllaceae 
Grammitidaceae 
Grammitidaceae 
Aspleniaceae 
Polypodiaceae 
Polypodiaceae 
Pityrogramma austroamericana Adiantaceae 
Domin 
Experiment 2 
Mecoditim recurvum 
(Gaud.) Copeland 
Vandenboschia davalloides 
(Gaud.) Copeland 
Adenophorus lamariscinus 
(Kaulf.) Hook and Grev. 
Adenophorus pinnalifidus 
Gaud. 
Matteuccia struthiopteris 
(L.) Todaro 
Polypodium pellucidum 
Kaulf. 
Lepisorus thunbergianus 
(Kaulf) Ching 
Hymenophyllaceae 
Hymenophyllaceae 
Grammitidaceae 
Grammitidaceae 
Dryopteridaceae 
Polypodiaceae 
Polypodiaceae 
Pityrogramma austroamericana Adiantaceae 
Domin 
collected July 21,1992 
Chinshuiyin, Taiwan 
by Wen-Liang Chiou 
collected August 17,1992 
Puu Kolekole, Molokai, Hawaii 
by D. Farrar 
collected August 17,1992 
Puu Kolekole, Molokai, Hawaii 
by D. Fairar 
collected November 1992 
Woodman Hollow, Iowa 
by Dassler and Farrar 
collected August 19,1992 
Kiluaea volcano, 1969 lava 
flow, Hawaii 
by D. Farrar 
collected August 17,1992 
Molokai, Hawaii 
by D. Farrar 
collected August 14,1992 
Pupukea, Oahu, Hawaii 
by Dassler and Farrar 
collected March 19,1993 
Mount Kaala, Oahu, Hawaii 
by D. Farrar 
collected March 25, I99S 
Puu Makaala, Hawaii 
by D. Farrar 
collected March 19, 1993 
Mount Kaala, Oahu, Hawaii 
by D. Farrar 
collected March 20,1993 
Poamoho trail, Koolau 
Mountains, Oahu, Hawaii 
by D. Farrar 
collected November, 1992 
Woodman Hollow, Iowa 
by Dassler and Farrar 
collected August 19,1992 
Kiluaea volcano, 1969 lava 
flow, Hawaii 
by D. Farrar 
collected August 17,1992 
Molokai, Hawaii 
by D. Farrar 
collected August 14,1992 
Pupukea, Oahu, Hawaii 
by Dassler and Farrar 
spores dried S hrs. sterilized 3 mins. in 10% 
bleach; water with spores spread on agar 
or 
spores dried 2 days and then sown 
without sterilization 
fronds sterilized 2 mins. in 10% bleach; 
spores released from sporangia 
fiends sterilized 2 mins. in 10% bleach; 
spores released from sporangia 
spores dried and then sown without 
sterilization 
spores dried, sterilized 3 mins. in 10% 
bleach; water with spores spread on agar 
spores dried and then sown without 
sterilization 
spores dried, sterilized 3 mins. in 10% 
bleach; water with spores spread on agar 
or 
spores dried and then sown without 
sterilization 
no sterilization in any treatment 
spores naturally dehisced from sporangia 
on fronds 
spores naturally dehisced from sporangia 
on fronds 
spores naturally dehisced from sporangia 
on fronds 
spores naturally dehisced from sporangia 
on fronds 
spores dried and then sown 
spores dried and then sown 
spores dried and then sown 
spores dried and then sown 
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In the second experiment, sterilization was not used. A different set of epiphytic green-spored species 
were collected from Hawaii. Fronds of these species were stored in a cold room until sown. To sow these species, 
pieces of the fronds were placed, sporangia side down, on a wire mesh over the agar medium in a petri dish (fig. 
4.1C). The spores were allowed to drop naturally onto the agar. Often, other debris from the frond or sporangia 
dropped into the agar. These were picked off by hand with a pair of sterile forceps. Spores of Matteuccia 
struthiopteris and the nongreen-spored species were obtained from the same spore collections as the first 
experiment. 
All spores were allowed to germinate and grow for one month in the first experiment and five months in 
the second experiment. Germination on the agar plates was recorded as positive for the green-spored species if at 
least imbibition and spore coat breakage occurred. Initial division of the spore was not counted as positive, 
because in some species the initial divisions occurred while the spores were still inside the sporangium. 
After the five months in the second experiment, the agar plates from all three treatments were placed in 
storage in a refrigerator for fifteen months. After this time, they were placed in laboratory light of 12-14 nmol/m's 
for five months to observe gametophyte growth. 
Results 
Sterilization was not an important factor in the results of the experiments. Contamination in unsterilized 
samples did not affect germination or gametophyte growth, except for the last part of the second experiment. 
Contamination overran those gametophyte cultures which had been transferred to laboratory lighting conditions 
after germination in the treatment representing the forest canopy and had been in long storage in the refngerator. 
Spore germination and gametophyte development occurred in all species except Vandenboschia 
auriculata in the highest light conditions (Table 4.2). Spores of V. auriculata did germinate at lower light levels. 
Germination and growth at lower light levels varied among species in the percentage of spores germinated and the 
stage of gametophyte development (Table 4.2). 
In the epiphytic, green-spored species, the general trend was spore germination and the beginning of 
Table 4.2. Percent spore germination and gametophyte development of green-spored and nongreen-spored fern speciesin reduced light conditions 
representative of forest canopy and inside epiphytic bryophyte mats from both first and second experiments 
Taxon Spore Habitat^ Light Treatments (Simulated Habitats) 
Type 
30-43 nmol/m s 
(Forest Canopy)' 
10-32 nmol/m s 
(Forest Canopy)'* 
0.95-1.40 nmol/m^s 
(Inside bryophyte 
mats)'' 
0.29-0.31 ^mol/m's 
(Inside bryophyte 
mats)' 
0.15-0.21 ^mol/m s 
(Inside bryophyte 
mats)'* 
0.08-0.09 nmol/m^s 
(Inside bryophyte 
mats)' 
Dark^ 
Mecodium 
recurvum 
Vandenboschia 
auriculata 
Vandenboschia 
davalloides 
Adenophorus 
tripinnati/idus 
Adenophorus 
monlanus 
1% 
1-4-celled 
filament, 
green 
100% 
5-8 celled 
filament, 
green 
65% 
6-9 celled 
filament, 
green 
90% 
filament with 
small plate, 
green 
100% 
branched 
filament, 
green 
99% 
swollen (64-93nm), 
spore coat split, 
bright green 
98% 
usually 2-celled 
filament & rhizoid, 
green 
70% 
2-3-ceIled filament 
or rhizoid, 
green 
50% 
2-3 cells, swollen, 
spore coat split, 
green 
70% 
2-3 cells, swollen, 
spore coat split, 
green 
40% 
swollen (72-115|xm), 
spore coat split, 
all bright green, 
including 
ungerminated spores 
100% 
swollen (34-61^m), 
spore coat split, 
1-celled filament 
in 60%, 
all bright green, 
including 
ungerminated spores 
0% 
all spores green 
0% 
all spores 
green 
0% 
all spores green 
0% 
spores green in 65% 
0% 
all spores 
green 
0% 
spores 
green in 
65% 
' Spore type: G = green-spored, N = nongreen-spored. 
" Habitat: E = epiphytic, T = terrestrial. 
' First experiment; after 1 month of sowing. 
Second experiment; after 5 months of sowing. 
Table 4.2. (continued) 
Adenopborus G E 98% 95% 75% 
tamariscinus 6-14-celled 2-celled, swollen 2-celled, swollen (46-
fliament. (54-6 lum), spore S4|^ni), spore coat 
green coat split. split. 
green most green 
Adenophorus G E 100% 95% 99% 
pinnatifidus 15-30 celled 2-celled swollen. 2-celled swollen. 
fliament. (70-75pm), spore (68-86nm), spore 
green coat split. coat split. 
green all bright green, 
including 
ungerminated spores 
Malleuccia G T 98% 98% 95% 99% 80% 99% 
struthiopteris larger cordate or larger cordate or 1-3-celled filament. 5-8-celled filament. 1-3-celled filament 3-5-celled short 
smaller irregular smaller irregular hyaline-green hyaline-green hyaline-green filament. 
thallus. thallus, hyaline-green 
+ archegonia. + archegonia & 
green antheridia. 
green 
Polypodium N E 85% 98% 55% 20% 80% 
pellucidum young cordate to usually long 3-4-celled filament 1-3-celled filament & long, thin aerial 
small irregular filament, with & rhizoid. rhizoid. rhizoid only. 
thallus. large plate. green hyaline-green no green 
green green 
Lepisonis N E 95% 85% 45% 80% 80% 80% 
ihmbergiamis cordate thallus, cordate to strap- filament or filament with small 3-celled filament filament with small 
green shaped thallus. fliament with small plate, & rhizoid, & rhizoid, plate & rhizoid. 
green plate, & rhizoid. green bright green green 
green 
Pityrogramma N T 100% 100% 60% 100% 15% 100% 
austroamericana mature cordate cordate to 6-9-celled filament 2-3-celled filament 2-3-ceIled, long 2-3-celled filament 
thallus. irregularly lobed & rhizoids, in 10%, long aerial filament & rhizoid. in 1%, & aerial 
+ archegonia. mature thallus, hyaline-green rhizoid in all. hyaline-green rhizoid in all. 
green + archegonia. green green 
green 
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gametophyte development in light representing forest canopy only, and then a decrease in the amount of 
gametophyte development as the amount of light was reduced until only spore germination occurred. In the latter 
case, spore germination was indicated by imbibition with spore enlargement and spore coat rupture. At the lowest 
light condition and in the dark, spore germination did not occur (i.e., imbibition and spore coat rupture did not 
occur). However, even in the lowest light condition and in the dark, the majority of the spores remained green. 
Spores of the other green-spored species tested, Matteuccia struthiopteris, a temperate terrestrial species, 
germinated and grew into thalli in the light of forest canopy only. Lower light levels resulted in the formation of a 
hyaline-green filament. Spores of epiphytic species with nongreen spores, Polypodium pellucidum and Lepisonis 
thunbergianus, germinated in all light conditions, but not darkness. Gametophyte growth resulted in well-
developed thalli in forest canopy lighting. At lower light levels, P. pellucidum developed only a rhizoid and a short 
filament which was progressively less green in lower light. In contrast, L. thunbergianus produced green filaments 
which formed small thalli plates in all reduced light conditions. In this case, growth rate was slower and thus 
smaller thalli plates were formed in lower light. The pattern of germination and gametophyte development of 
Pityrogramma austroamericana paralleled that of Polypodium pellucidum in the light treatments. In forest canopy 
light, well-developed thalli were formed. Gametophyte development was reduced to a rhizoid and a green to 
hyaline-green filament in progressively lower light, and eventually only a rhizoid was formed in the lowest light 
conditions. Germination did not occur in the dark. 
In the first experiment, treatments given 24 hours of forest canopy light prior to placement at lower light 
levels or in dark showed no apparent differences from the same treatments without initial exposure to forest canopy 
light. Two exceptions occurred in Lepisonis thunbergianus and Pityrogramma austroamericana placed into the 
dark after 24 hours in forest canopy light. Neither species germinated when put into the dark directly after spore 
sowing. With prior light treatment L. thunbergianus developed a short rhizoid and a short, hyaline-green filament 
of one to two cells, and P. austroamericana formed a short, hyaline-green filament of two to three cells in the dark. 
In the second experiment, placement into brighter laboratory light for five months, after five months in 
reduced light conditions representing conditions under forest canopy and inside bryophyte mats, resulted in varied 
gametophyte growth (Table 4.3). Epiphytic, green-spored species did not develop gametophyte growth, except for 
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Vandenboschia davalloides and Adenophorus tamariscinus, which were initially grown in the lowest light levels 
before introduction into brighter light. In both, imbibition and spore coat splitting had occurred during the low 
light conditions. After exposure to brighter light, V. davalloides showed a dense growth of healthy green, 
branched filaments, the typical growth form of the mature gametophytes. Adenophorus tamariscinus developed 
only a few short fllaments which did not look healthy. 
Table 4.3. Condition of gametophytes fi-om green-spored and nongreen-spored species, during experiment 
two, after various reduced light conditions for five months, followed by five months in brighter 
light during experiment two 
Taxon Original Light Treatments (Simulated Habitat) 
6-32nmolWs 0.95-1.40 nmolWs 0.15-0.21 nmol/m^s 
(Forest canopy) (Inside bryophyte mats) (Inside bryophyte mats) 
Mecodium recurvum dead dead dead 
Vandenboschia davalloides dead dead dense growth of branched 
filaments, + antheridia 
Adenophorus tamariscinus dead dead few short filaments, appear 
unhealthy 
Adenophorus pinnatifidus dead dead dead 
Maiteuccia struthiopteris dead very large, cordate-clongate 
thalli 
very large, cordate-elongate 
thalli 
Polypodium pellucidum thalli with cordate base and 
strap-like lobing, 
-1- archegonia 
strap-like thalli strap-like thalli, 
+ archegonia 
Lepisorus thunbergianus strap-like thalli, + gametangia strap-like thalli, + 
gametangia 
strap-like thalli, -i-
gametangia 
Pityrogramma austroamericana dead few, large, irregular-shaped, 
with narrow proliferations 
dead 
Well-developed thalli occurred in Polypodium pellucidum and Lepisorus thunbergianus fi-om all light 
treatments after five months in brighter light. Maiteuccia struthiopteris also developed large, healthy 
gametophytes in cultures previously subjected to the most reduced light conditions, simulating the inside of a 
bryophyte mat, after exposure to brighter light. Gametophyte growth of Pityrogramma austroamericana in 
brighter light conditions occurred in one of the cultures previously exposed to low light levels, at 0.95-1.40 
(imol/m^s. The normal gametophyte growth form of Pityrogramma austroamericana is cordate. In this culture. 
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the few gametophytes formed were abnormal in being irregular in shape and possessing narrow lateral 
proliferations. 
In most cultures initially exposed to light simulating forest canopy, contamination, especially by algae, 
was high. In a few cultures, the agar was semi-liquid, indicating that these may have been frozen during the time 
in the refrigerator. Five cultures were possibly frozen: Adenophoruspimatifidus and A. tamariscinus originally 
exposed to light of0.95-1.40 jimol/m^s, Matteuccia stnithiopteris and Pityrogramma austroamericana originally 
exposed to light of 6-32 nmol/m^s, and M, struthiopteris originally exposed to light of 0.15-0.21 [imol/m^s. It is 
possible that freezing affected subsequent gametophyte growth in brighter light because gametophytes did not 
grow in the frozen cultures of A. pimatifidus, A. tamariscinus, P. austroamericana, and M. struthiopteris originally 
exposed to light of 6-32 nmol/m^s. In contrast, large, healthy gametophytes of M struthiopteris grew in frozen 
culture originally exposed to light of 0.15-0.21 pmol/m^s. 
Discussion 
Results from both experiments do not indicate any advantage of green over nongreen spores with regard 
to spore germination or gametophyte development in reduced light simulating conditions inside a bryophyte mat. 
The general trend in green-spored epiphytic species was for slow gametophyte development, i.e., short filaments, if 
any. At the lowest light levels, germination consisted only of imbibition and spore coat splitting, and no divisions 
occurred beyond the internal divisions formed while the spores were within the sporangia. When imbibition and 
spore coat breakage did not occur, the green spores remained green even at the lowest light levels and in the dark. 
In contrast, the green-spored terrestrial species, Matteuccia struthiopteris, and two of the nongreen-spored species, 
Polypodium pellucidum and Pityrogramma austroamericana produced only hyaline-green, etiolated filaments 
and/or rhizoids in the lowest light. The epiphytic, nongreen-spored species, Lepisorus thunbergianus, produced 
normal gametophyte development at lower light levels, although the rate of development slowed at lower light 
levels. 
In contrast to the hypothesis of Lloyd and Klekowski (1970), gametophyte development in the epiphytic 
green-spored species tested here was not faster than in nongreen-spored species. In fact, it is slower as 
demonstrated here and in other research (Stokey and Atkinson 1958; Stone I960). Germination of green-spored 
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species in Hymenophyllaceae and Grammitidaceae is reported to be fast, often while still within the sporangium 
(Stokey and Atkinson 1958; Atkinson 1960). However, in very reduced light conditions, germination did not 
proceed much beyond this, only to imbibition and spore coat rupture, if at all. Thus, rapid germination and 
subsequent rapid gametophyte growth probably are not competitive advantages of epiphytic green-spored species. 
Moreover, competitive advantage due to rapid germination and gametophyte development, as discussed by Lloyd 
and Klekowski (1970), cannot be properly evaluated without consideration of relative dispersal times of potentially 
competing species. 
The overall results from both experiments indicate that green spores remain viable, although relatively 
ungerminated in light conditions simulating those within a bryophyte mat. In these same conditions, non-green 
spores germinated rapidly, and became etiolated and hyaline. This suggests that the advantage of green spores in 
epiphytic habitats may be their ability to remain green and viable in the reduced light within a bryophyte mat. In 
an epiphytic habitat, successful germination depends not only on the length of time to germination, but also on the 
ability of the spore to wait for appropriate conditions for germination and gametophyte growth. Perhaps green 
spores, with their ability to remain viable and relatively ungerminated, function as a spore bank in epiphytic 
habitats, as nongreen spores do in terrestrial habitats where germination is inhibited by darkness (Dyer and Lindsay 
1992). 
This hypothesis can be evaluated from the observations of gametophyte growth in brighter light 
conditions following the five months in reduced light conditions of the second experiment. Gametophytes of two 
of the epiphytic, green-spored species did resume normal growth in brighter light, as well as did those of the 
terrestrial green-spored species and of the epiphytic nongreen-spored species. These results indicate that nongreen-
spored epiphytes are not disadvantaged in reduced light conditions, and that green spores do not demonstrate an 
apparent advantage as a spore bank in epiphytic habitats. However, conditions of the experiment may not 
appropriately represent natural situations of rainforest epiphytes. In future experiments, cultures from low light 
should be transferred to various levels of higher light and periods at the veiy low levels should vary from short to 
long. Perhaps advantages of epiphytic green spores are manifested only after long periods of time in the reduced 
light conditions inside a bryophyte mat. 
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Another consideration is that light quality needs to be tested more rigorously than was done in the second 
experiment. Red light has been demonstrated to be the most effective range of the spectrum to induce spore 
germination, whereas far-red light and, to some extent, blue light, have been shown to inhibit germination 
(Raghavan 1989). Under leaf canopy, the proportion of far-red light increases almost by a factor of three 
(Frankland 1986) and possibly almost by a factor of eight under an additional bryophyte canopy. The effects of 
red and far-red light and other spectral arrays on germination and subsequent gametophyte growth need to be 
examined as possible factors affecting the function of green spores. Additionally, sowing of spores in actual 
bryophyte mats may help to reveal advantages of green-spored species (Chapter 3). 
Neither results fi-om these experiments, nor the investigations of Lloyd and Klekowski (1970), clearly 
demonstrate the fimction of green spores in an epiphytic habitat. How or whether they confer an advantage in 
gametophyte establishment in the epiphytic habitat is still unknown. In the epiphytic habitat, the most successful 
establishment after long-distance dispersal occurs in those species with a suite of spore and gametophyte 
characters, including spore germination before dispersal, green-spores, slow gametophyte development, long-lived 
gametophytes and gemmae. The role of each individually and in combination is probably a factor in successful 
establishment and needs to be investigated. 
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5. SIGNIFICANCE OF GAMETOPHYTE FORM IN LONG-DISTANCE COLONIZATION 
BY TROPICAL, EPIPHYTIC FERNS 
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Department of Botany, Iowa State University, Ames, Iowa 50011 
Introduction 
In ferns, long-distance colonization consists of two distinct processes, long-distance dispersal of 
spores, and migration (or successful establishment after dispersal) (Tryon 1970). Long-distance dispersal 
involves long-distance transport and survival of spores during transport. Successful establishment is 
accomplished if the spore lands in a suitable habitat and if gametophyte growth, production of gametangia, 
fertilization and viable sporophyte production all occur. 
Transport of spores occurs mainly via wind. The size of most fern spores average 20-60 |im, and can 
easily be dispersed long distances by the wind (Tryon 1972). Most fern species have spores that remain viable 
for several months in dry air conditions and even though they consist of only a single cell, they have viability 
comparable to that of many seed plants (Tryon 1970). Evidence for the ease of spore dispersal can be seen by 
the rapid spread of recent introductions, such as Macrothelypteris torresiana (Gaud.) Ching, Thelypteris 
dentata (Forsk.) E. St. John and T. opulenta (Kaulf) Fosberg (Smith 1993). Tryon (1970,1972) states that 
dispersal is more frequent at shorter distances and governed by chance at long distances, but distances of 300-
500 miles are only slight barriers to transport, and distances of 2000 miles or more are possible. Support for 
long-distance dispersal at these distances is observed by noting the broad representation of ferns on distant 
islands (Smith 1972). Even constraints on spore dispersal such as reduced viability of chlorophyllous spores 
(Lloyd and Klekowski 1970), limited spore production, and secluded habitats do not totally inhibit spore 
dispersal, because fern species with these characters are present on distant islands (Tryon 1986). 
Long-distance dispersal of ferns is also supported when fern floras are compared with angiosperm 
floras (Fosberg 1948). In general, fern genera are more widespread than angiosperm genera (Smith 1972). For 
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example, there is a greater percentage of pantropical and amphioceanic genera of ferns compared with 
angiosperms (Smith 1972). In addition, the proportion of endemic fern genera and species is lower than those 
of angiosperms (Smith 1972,1993). Even with the more limited distribution of angiosperms compared to 
ferns, Fosberg (1948) estimates that one successful arrival and establishment every 20,000-30,000 years would 
account for the flora of seed plants on Hawaii. It follows that with the greater dispersal capacity of ferns, 
colonization of islands by ferns over a period of time would occur. 
Thus, because of the evidence for long-distance dispersal in ferns, most have been considered 
essentially equivalent in their capacity for dispersal (Tryon 1970,1972) and Tryon (1972) stated that "studies of 
fern geography can largely eliminate dispersal capacity as a variable, or as a limiting factor, and attention can 
be focused on other aspects of geographic and evolutionary processes." This generalization, however, may not 
always hold. For example, fewer than 200 species, from 2,000-10,000 potential species from mainland sources, 
established themselves in Hawaii. What prevented the majority of the potential species from migrating to 
Hawaii - spore dispersal or establishment? Tryon (1970) suggested that the presence or absence of source 
species on an island is mainly due to "similarities or differences between the island environment and the 
genecology of the species." But, in Hawaii, greater than 10% of the fern species are introduced and are 
aggressive colonizers within the Islands, often outcompeting native ferns. These species are obviously able to 
establish themselves and survive in the island environment after transport by humans, suggesting that spore 
dispersal can be limiting in some cases. Nevertheless, even with possible exceptions such as this, when 
considering fern colonization focus must be placed on the establishment process. 
Ecological parameters play an important role in establishment of a fern species. Success depends on 
how well the environmental adaptations of the species match the environment to which the species is dispersed 
(Tryon 1970). Requirements for spore germination, gametophyte and sporophyte growth and development 
define the ecological parameters for establishment (Tryon 1986). Ferns that become established on an island 
are not a random assortment of species from the source, as noted by Tryon (1970). He found that species with 
wide continental distributions were overrepresented on islands, suggesting that such species are better 
colonizers. Are specific differences in establishment due to constraints within the gametophyte, or the 
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sporophyte generation? Tryon (1986) believes that neither generation restricts establishment more than the 
other and that the ecological requirements of either may be broad or narrow. In this paper we examine possible 
roles of the gametophyte in the establishment of tropical epiphytic species. 
In long-distance dispersal, spores will more than likely arrive singly. In homosporous ferns a single 
spore can give rise to a potentially bisexual gametophyte. Sporophyte production in this case depends first on 
the ability of the gametophyte to become bisexual. Contrary to textbook illustrations, fern gametophytes grown 
in isolation do not always become bisexual. Many species produce only archegonia when grown in isolation 
(Haufler and Gastony 1978; Peck et al. 1990; Schneller 1979) or fail to become functionally bisexual, i.e. 
mature both archegonia and antheridia simultaneously (Lloyd 1974b). If gametophytes do become functionally 
bisexual, self-fertilization may limit the production of sporophytes due to the resultant total homozygosity of 
sporophytes which were produced by the union of genetically identical egg and sperm. This genetic load 
inhibition of sporophyte production has been demonstrated for many fern species (Lloyd 1974b; Raghavan 
1989), as has reduced size and vigor of surviving sporophytes (Peck et al. 1990; Scheller 1987). If sporophytes 
are produced and survive, they may have problems with low genetic diversity. 
Given these constraints on the establishment of an isolated spore, it would seem that successful long­
distance colonizers would be species which produce bisexual gametophytes with low genetic load, i.e. 
inbreeders (Peck et al. 1990). However, genetic loads and breeding systems have been demonstrated to be 
variable (Lloyd 1974b; Raghavan 1989; Peck et al. 1990; Ranker 1992) with outbreeding and high genetic 
loads a common occurrence (Lloyd 1974b; Raghavan 1989). Molecular evidence indicates that most ferns are 
outcrossers (Soltis and Soltis 1989,1992), including epiphytes (Ranker 1992; Haufler et al. 1995). Outcrossing 
often is mediated by an antheridiogen system, in which faster-growing gametophytes, which eventually produce 
archegonia, early on produce antheridiogen which stimulates slower-growing gametophytes to produce 
antheridia. A well-developed antheridiogen system can lead to the inability of isolated gametophytes to 
become bisexual. This is demonstrated in isolated gametophytes of Adiantum pedatum L. (Peck et al. 1990) 
and Bommeria Foum. (Haufler and Gastony 1978), which produce only female gametangia. 
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How do breeding systems, genetic load and antheridiogen systems of fern gametophytes fit into 
successful colonization in tropical epiphytic habitats? Most epiphytic ferns belong in 5 families: 
Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae, and Elaphoglossaceae (as 
Elaphoglossoideae in Crabbe et al. 1975). Surveys of the morphology of fern gametophytes (Atkinson and 
Stokey 1964; Nayar and Kaur 1971; W. L. Chiou pers. comm.) reveal that the growth form of the gametophytes 
of these families are significantly different from the gametophyte form portrayed in most textbooks. 
Gametophytes in textbooks are heart-shaped, with a relatively short life span, and are characterized by 
Adiantaceae, Thelypteridaceae and most terrestrial ferns (Nayar and Kaur 1971). In contrast, epiphytic ferns 
have long-lived gametophytes which are clonal. Many of these are ribbon-like and branched. Clonal growth is 
derived from one or more of the following: branching, regeneration, or gemmae production, and often results in 
dense gametophyte mats. Most clonal gametophytes regenerate repeatedly from old thalli. 
In addition to persistent clonal growth, Hymenophyllaceae, Grammitidaceae, and Vittariaceae produce 
gemmae which can propagate the gametophytes vegetatively. Finally, Hymenophyllaceae and Grammitidaceae 
possess green spores. The morphological convergence of fern gametophytes living in epiphytic habitats has led 
us to investigate gametophyte form and gemmae production as possible adaptations in the epiphytic habitat. 
Following from this, the relationships of these gametophytic specializations to long-distance colonization can 
be examined. 
We found that epiphytic fern gametophytes typically grow intermixed with bryophytes in epiphytic 
bryophyte mats. This prompted us to hypothesize that persistent clonal growth allows epiphytic fern 
gametophytes to better compete with bryophytes in epiphytic habitats. Clonal expansion and perenniality 
increases the probability that the gametophytes will find a favorable space and/or time for the production of 
sporophytes. In long-distance colonization, gametophytes of these species persist until a second migrant arrives 
to alleviate the problems associated with inbreeding. 
When long-distance dispersal of individual spores results in more than one spore landing on the same 
branch, clonal gametophyte growth can decrease the distance between individuals, thus facilitating cross-
fertilization. But when distances are great, the probability is low that two spores will land on the same branch. 
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Schuster (1983) also expressed this opinion for long-distance colonization of bryophytes. More likely, 
individual spores will land on different branches even if on the same tree. When this is the case, successful 
sporophyte production by outbreeding in epiphytic ferns would be drastically curtailed. 
Species with gemmiferous gametophytes offer a solution to this problem. They have the advantages 
of persistent clonal expansion plus an ability to expand the range of the gametophyte through local gemmae 
dispersal, which greatly increase the probability of encountering a second clone. Furthermore, it has been 
observed that gemmae and very young gametophytes, which germinated in the presence of mature 
gametophytes, directly produced antheridia (Goebel 1888; Britton and Taylor 1902; Stokey and Atkinson 1958; 
Stone 1958; Farrar 1971,1974; Emigh and Farrar 1977; Raine 1994; Dassler and Farrar). Emigh and Farrar 
(1977) demonstrated in Vittaria Smith that this is likely due to the production of antheridiogens by mature 
plants. Thus, gemmae facilitate sexual reproduction by increasing the opportunity for interaction when 
gametophytes are distant and by producing new tissue for antheridia formation. Perhaps this is the principal 
advantage leading to the evolution of gemmae in three unrelated families of tropical epiphytic ferns. It 
certainly must increase the probability for success in long-distance colonization. 
The role of persistent gametophyte growth and gametophyte gemmae production in tropical epiphytic 
ferns can be tested indirectly by comparing the proportion of species with these adaptations in island and 
continental floras. Based on the preceding hypotheses of the roles of persistent gametophyte growth, clonal 
expansion, and gemmae production, islands should have the following when compared to mainlands: 
1) a decreased percentage of species with persistent, clonal gametophytes lacking gemmae, 
due to the remote chance of two spores landing close enough for gametophyte interaction and 
reproduction to occur. 
2) an increased percentage of epiphytic species possessing gametophyte gemmae, because of the greater 
potential for interaction between isolated introductions. 
Two families possessing gemmiferous, persistent gametophytes, Hymenophyllaceae and 
Grammitidaceae, also have green spores. The short-lived nature of green spores (Lloyd and Klekowski 1970) 
would seem to limit spore dispersal, yet both families with green spores are regularly found on islands (Tryon 
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1986). Comparisons of the proportion of species with green spores on islands and continents can further test 
whether green spores limit migratory ability. 
Materials and Methods 
The number of species in each of the five epiphytic families considered to have long-lived, clonal 
gametophyte growth were counted and compared as to their representation in the total fern flora of various 
islands and continents. A total of 33 floras were analyzed, 19 island and 14 continental. Totals were then 
calculated for all epiphytes [Hymenophyllaceae (H), Grammitidaceae (G), Vittariaceae (V), Polypodiaceae (P), 
and Elaphoglossaceae (E)], families possessing persistent gametophyte growth without gemmae (P and E), 
families possessing persistent gametophyte growth and gemmae (H, G and V), and green-spored species (H and 
G). The percentage of each in its respective homosporous fern flora was tabulated. Only leptosporangiate 
homosporous ferns were considered in tabulations. If hybrids or introductions were listed they were not 
counted. Familial assignment of genera followed Crabbe, Jeremy and Mickel (1975). From this classification 
system, Vittarioideae and Elaphogiossoideae were considered as families. We considered the Elaphoglossaceae 
to consist of Elaphoglossum Schott, Peltapteris Link (Rhipidopteris Schott) and Microstaphyla PresI, excluding 
the mostly terrestrial Lomariopsidaceae. Only floras of greater than 100 species (epiphytic and terrestrial) were 
analyzed (except Ponape with 97 species of homosporous ferns), assuming that floras of this size indicate a 
region containing diverse topography and a climate generally favorable for fern establishment. If more than 
one flora existed from one location, the most recent flora was used. 
To evaluate the assumptions that the epiphytic flora of an area is composed mainly of the families 
Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae and Elaphoglossaceae, and that the majority 
of these families occur in epiphytic habitats, habitats for all species within the flora were evaluated in several 
representative floras. 
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Results 
The tabulated data for continents and islands in five geographical regions are presented in table 5.1. 
Each geographical region (fig. 5.1) compares floras of roughly equivalent latitude, and thus of roughly 
equivalent potential diversity of fern floras (Tryon 1986). Habitat data from Hymenophyllaceae, 
Grammitidaceae, Vittariaceae, Polypodiaceae and Elaphoglossaceae in several representative floras clearly 
demonstrate that the majority of the species within these five families live in epiphytic habitats (table 5.2). The 
family with the lowest percentage, 80 percent, of epiphytic members is the Hymenophyllaceae. Furthermore, 
the epiphytic flora of these same islands and continents is composed mainly of Hymenophyllaceae, 
Grammitidaceae, Vittariaceae, Polypodiaceae and Elaphoglossaceae (table 5.3, fig. 5.2). These families 
account for greater than 80 percent of epiphytes. Of the remaining epiphytes, approximately 14 percent occur 
in Asplenium L, Davalliaceae, Oleandraceae and Lomariopsidaceae, groups which generally are terrestrial, 
with short-lived, heart-shaped gametophytes [although at least some species of Lomariopsidaceae s.s. have 
ribbon-like, branching, clone-forming gametophytes (Farrar unpub. data)] The following analysis is restricted 
to species of Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae and Elaphoglossaceae. 
Table 5.2 Percentage of epiphytes within Hymenophyllaceae, Grammitidaceae, Vittariaceae, 
Polypodiaceae and Elaphoglossaceae 
Taxon Percent of Taxon Epiphytic 
Hymenophyllaceae 80.2 
Grammitidaceae 94.7 
Vittariaceae 93.1 
Polypodiaceae 89.6 
Elaphoglossaceae 85.3 
Percentages based on averages from Mexico (Smith 1981), Guatemala (Stoize 1976, 1981), Jamaica (Proctor 1983), 
Lesser Antilles (Proctor 1977), Malaysia (Piggott and Piggott 1988), and Taiwan (DeVol 1975). 
Table 5.1. Percentage of the total leptosporangiate homosporous fem flora represented by epiphyte groups on various islands and mainland regions 
(H = Hymenophyllaceae; G = Grammitidaceae; V = Vittariaceae; P = Polypodiaceae; E = Elaphoglossaceae; H+G = families with green 
spores; H+G+V = families with persistent gametophyte growth and gemmae; P+E = families with persistent gametophyte growth, but 
without gemmae; H+G+V+P+E = epiphytic families) 
Location Reference 
Total# 
species H G V P E H+G H+G+V P+E H+G+V+P+E 
North Pacific 
China, Lower Yngtz Val. Steward 1958 149 4.7 1.3 2.0 13.4 0.0 6.0 8.1 13.4 21.5 
Hong Kong Edie 1977 172 2.3 0.6 0.6 9.3 0.6 2.9 3.5 9.9 13.4 
Taiwan De Vol 1979 520 7.1 4.6 2.1 10.0 1.2 11.7 13.8 11.2 25.0 
Ryukyu Islands Walker 1976 197 10.2 1.5 1.5 9.1 0.0 11.7 13.2 9.1 22.3 
Hawaii Wagner & Wagner, pers. comm. 1992,1995 160 6.9 9.4 0.6 5.0 5.6 16.3 16.9 10.6 27.5 
Equatorial Pacific 
Thailand Tagawa and Iwatsuki 1979-89 587 6.5 4.9 2.7 16.2 1.4 11.4 14.1 17.6 31.7 
Java Blume 1828 457 5.5 3.9 3.7 13.6 0.0 9.4 13.1 13.6 26.7 
Malaya Holttum 1954 487 8.6 6.0 2.9 14.8 1.2 14.6 17.5 16.0 33.5 
Malaysia Plggott & Piggott 1988 379 7.1 5.5 2.4 13.5 0.8 12.7 15.1 14.3 29.4 
Phillipines Copeland 1958, 1960a, b 941 6.8 7.5 2.3 10.4 1.0 14.3 16.6 11.4 28.0 
Borneo, Mt. Kinabalu Parris 1992 941 9.7 14.0 2.9 9.5 1.4 23.7 26.6 10.9 37.5 
Solomon Islands D. Glenny, pers. comm. 327 11.0 4.9 2.1 8.3 0.6 15.9 18.0 8.9 26.9 
Ponape Glassman 1952 97 16.5 5.2 6.2 5.2 2.1 21.6 27.8 7.2 35.0 
South Paciflc 
Australia Jones and Clemesha 1976 303 13.5 5.3 1.0 8.3 0.3 18.8 19.8 8.6 28.4 
New Zealand Brownsey & Smith-Dodsworth 1989 181 14.9 6.1 0.0 2.8 0.0 21.0 21.0 2.8 23.8 
New Caledonia Brownlie 1969 216 13.0 5.1 2.3 6.0 1.4 18.1 20.4 7.4 27.8 
Fiji Brownlie 1977 274 9.5 6.2 2.9 6.2 2.6 15.7 18.6 8.8 27.4 
Samoa Christenson 1943 201 12.4 8.0 4.5 7.5 1.5 20.4 24.9 9.0 33.9 
Society Islands Copeland 1932 131 12.2 6.9 4.6 6.1 3.1 19.1 23.7 9.2 32.9 
Caribbean 
Mexico, Western Mickel 1992 239 1.3 1.7 0.0 13.0 7.5 3.0 3.0 20.5 23.5 
Mexico, Oaxaca Mickel and Beitel 1988 624 5.6 4.2 1.1 6.9 6.7 9.8 10.9 13.6 24.5 
Mexico, Chiapas Smith 1981 554 7.0 4.7 1.8 12.3 6.0 11.7 13.5 18.3 31.8 
Guatemala Stoize 1976,1981 589 7.8 4.9 1.7 11.9 6.6 12.7 14.4 18.5 32.9 
Costa Rica; Pan; Choc6 Leilinger 1989, pers. comm. 1090 7.1 7.6 1.8 8.7 11.5 14.7 16.5 20.2 36.7 
Venezuela Vareschi 1968 657 10.8 1.8 1.5 10.2 11.0 12.6 14.1 21.2 35.3 
Suriname Kramer 1978 in 13.0 5.1 3.6 9.0 5.1 18.1 21.7 14.1 35.8 
Jamaica Proctor 1985 515 9.5 9.9 1.9 6.8 5.6 19.4 21.3 12.4 33.7 
Puerto Rico Proctor 1989 334 11.4 6.0 3.3 8.1 5.7 17.4 20.7 13.8 34.5 
Lesser Antilles Proctor 1977 300 11.7 8.0 2.3 8.0 7.7 19.7 22.0 15.7 37.7 
Table 5.1. (continued) 
Indian Ocean 
South Africa Burrows 1990 280 5.0 1.8 1.8 6.4 5.0 6.8 8.6 11.4 20.0 
Madagascar Tardieu-Blot 1951-I960a 520 8.7 4.6 2.3 4.2 6.5 13.3 15.6 10.8 26.4 
Seychelles Tardieu-Blot 1960b 248 7.7 6.0 2.8 4.0 6.5 13.7 16.5 10.5 27.0 
La Reunion D. Strasberg, pers. comm. 182 I I . O  6.0 4.4 2.7 9.9 17.0 21.4 12.6 34.0 
Figure 5.1. Locations of floras examined and the regions to which they were assigned for analysis. Regions delineated by latitude according to 
Tryon's (1986) concept that similar species diversity in ferns occurs at similar latitudes. North Paciflc: CH = China, Yangtze River; 
HK = Hong Kong and adjacent mainland; TW = Taiwan; RI = Ryukyu Islands and Okinawa; HI = Hawaiian Islands. Equatorial Paciflc: 
TH = Thailand; JV = Java; MA = Malaya; MI = Malaysia; PH = Phillipines; K = Mount Kinabalu; SO = Solomon Islands; PO = Ponape. 
South Pacific: AU = Australia; NZ = New Zealand; NC = New Caledonia; FI = Fiji; SA = Samoa; SI = Society Islands. Caribbean: 
WM = Western Mexico; OA = Oaxaca, Mexico; CHI = Chiapas, Mexico; GU = Guatemala; CR = Costa Rica, Panama and Choc6, 
Colombia; VE = Venezuela; SU = Suriname; JA = Jamaica; PR = Puerto Rico; LA = Lesser Antilles. Indian Ocean: SAF = South Africa; 
MD = Madagascar; SE = Seychelles; RE = La Rdunion. 
& 
f, 
id NORTH PACIFIC 
' ' •''° EpUATORIAL PACIFIC 
CARBBEAN 
INDIAN OCEAN 
SOUTH PACIFIC 
6 
143 
Table S.3. Composition of representative epiphytic fern floras 
Taxon Percent of Total Epiphyte Flora 
Hymenophyllaceae 20.0 
Gfammitidaceae 17.3 
Vittariaceae 5.5 
Polypodiaceae 28.1 
El^hoglossaceae I I J  
Subtotal 82.6 
Asplenium 7.8 
Davalliaceae 23 
Oleandtaceae 2.9 
Lomariopsidaceae 0.8 
Subtotal 13.8 
Other 3.6 
Percentages based on averages fiom Mexico (Smith I98I), Guatemala (Stoize 1976,1981), Jamaica 
(Proctor 198S), Lesser Antilles (Proctor 1977), Malaysia (Piggott and Piggott 1988), and Taiwan (DeVol I97S). 
OTHER (3.6%) 
A+D+0+L(-E) (13.8%) 
H+G+V+P+E (82.6%) 
Figure 5.2. Composition of representative epiphytic fern floras. Percentages based on averages for the 
indicated groups from Mexico (Smith 1981), Guatemala (Stoize 1976,1981), Jamaica (Proctor 
1985), Lesser Antilles (Proctor 1977), Malaysia (Piggott and Piggott 1988), and Taiwan (DeVol 
1975). H + G + V + P + E = Hymenophyllaceae + Grammitidaceae + Vittariaceae + Polypodiaceae 
+ Elaphoglossaceae. A + D + 0 + L=Asplenium + Davalliaceae + Oieandraceae + 
Lomariopsidaceae. 
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Floras of the five regions are compared geographically in figure 5.3. Trends observable in each of the five 
regions are as follows: 
In the North Pacific region (fig. 5.3A). 
1. The percentage of epiphytic species is greater on islands. 
2. The percentage of species with gemmiferous gametophytes is greater on islands. 
3. The percentage of species without gemmiferous gametophytes is lesser on islands. 
4. The percentage of green-spored species is greater on islands. 
5. The trends observed for species possessing gemmiferous gametophytes, and for green-spored species 
are amplified as islands become smaller and more distant. 
In the Equatorial Pacific region (fig. 5.3B). 
1. The percentage of species with gemmiferous gametophytes is greater on islands. 
2. The percentage of species lacking gametophytic gemmae is lesser on islands. 
3. The percentage of green-spored species is greater on islands. 
4. These trends are amplified on smaller or more distant islands. 
In the South Pacific region (fig. 5.3C). 
1. No trends are evident in any of the groups. 
In the Caribbean region (fig. 5.3D). 
1. The percentage of species with gemmiferous gametophytes is greater on islands. 
2. The percentage of species lacking gametophytic gemmae is lesser on islands. 
3. The percentage of green-spored species is greater on islands. 
In the Indian Ocean region (fig. 5.3E). 
1. The percentage of epiphytic species is greater on islands. 
2. The percentage of species with gemmiferous gametophytes is greater on islands. 
3. The percentage of green-spored species is greater on islands. 
Figure 5.3. Representation of epiphytic fem groups in the fem floras of islands compared to mainlands. H + G = Hymenophyllum + Grammitidaceae; 
families with green spores. H + G+V = H + G + Vittariaceae; families with persistent, gemmiferous gametophytes. P + E = Polypodiaceae 
+ Elaphoglossaceae; families with indeterminate non-gemmiferous gametophytes. All = H + G + V + P + E; total epiphytes. Within each 
epiphytic fem group, the floras are graphed in the same order as that presented in the key for the particular region. The y axis is percent of 
the total homosporous fem flora. 
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Combining all five regions the following generalizations can be made (fig. 5.4). 
1. The percentage of epiphytes is nearly equal on islands and mainlands (fig. 5.4A). 
2. Epiphytic species with gemmiferous gametophytes are overrepresented on islands as compared to 
mainlands (fig. 5.4B). 
3. Epiphytic species with non-gemmiferous gametophytes are underrepresented on islands (fig. 5.4C). 
4. Green-spored species are overrepresented on islands (fig. 5.4D). This trend parallels that of species 
with gemmiferous gametophytes. 
5. The trends observed in species with gemmiferous gametophytes, non-gemmiferous gametophytes and 
green spores are amplified as islands become smaller and more distant. In the Equatorial Pacific 
region, Java has percentages similar to that of Thailand and Malaya. In the South Pacific region, 
Australia and New Zealand have percentages similar to that of islands. 
Discussion 
The majority of species within the Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae 
and Elaphoglossaceae are epiphytic (table 5.2). The lowest percentage of epiphytic species within a family, 
80%, occurs in the Hymenophyllaceae. Although still high, this lower percentage when compared to the other 
four families is probably because the members of the Hymenophyllaceae have secondarily adapted to other 
habitats, especially rock cliffs and steep soil banks. Evidence for this occurs in the gametophytes of 
nonepiphytic species which retain the specialized gametophyte characters of their epiphytic relatives. 
Worldwide these five families account for greater than 80 percent of epiphytes (table 5.3, fig. 5.2). Because the 
majority of these families are epiphytic and the majority of epiphytes are composed of these families, analysis 
of species in these families provides strong insight into the biology of epiphytic ferns. 
The two major trends in the data show that epiphytic fern species with gemmiferous gametophytes are 
overrepresented on islands as compared to mainlands, and that species without gemmiferous gametophytes are 
underrepresented. These trends are found in four of the five major regions analyzed. There are several possible 
explanations for the absence of these trends in the South Pacific (fig. 5.3) where, based on the expectations for 
species with gemmiferous gametophytes, their percentages are either lower than expected on the islands or 
I 
I 
Figure 5.4. Worldwide representation of epiphytic fern groups on islands compared with mainlands. A, Percentage of total fern flora of total 
epiphytes (H + G + V + P + E). B, Percentage of total fern flora of epiphytic families with gemmiferous, persistent gametophytes, 
Hymenophyllaceae, Grammitidaceae and Vittariaceae (H + G + V). C, Percentage of total fern flora of epiphytic families with 
indeterminate, non-gemmiferous gametophytes, Polypodiaceae and Elaphoglossaceae (P + E). D, Percentage of total fern flora of green-
spored, epiphytic families, Hymenophyllaceae, Grammitidaceae (H + G). Averages do not include Java, Australia or New Zealand. Error 
bars represent + one standard error. 
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higher than expected in Australia and New Zealand. In other words, either the islands are acting like mainlands 
or Australia and New Zealand are acting like islands. The first case is possible if Lovis' (1959) interpretation 
of the flora of this region is accepted. He suggested that the affinity of fioras in this region is due to 
development of the pteridophyte flora before the breakup of Gondwanaland, and as a result, floras in this region 
are similar in composition. This would lead to lower than expected percentages of gemmiferous fern epiphyte 
species on islands because, in this case, much of the flora was not derived via long-distance dispersal. 
In contrast, Brownlie (1962) suggested that the geologic time since the break-up of Gondwanaland is 
sufficient to allow long-distance dispersal to have influenced floras of the area. Because percentages of 
gemmiferous epiphytes on South Pacific islands are similar to those of other Pacific islands it seems likely that 
dispersal has been a significant factor in this region, but Gondwanaland connections may be important for 
another reason. It is possible that Australia and New Zealand are behaving like islands because they are 
relatively recent arrivals to tropical latitudes, having been the last to move away from the Antarctic following 
the break-up of Gondwanaland. Thus their tropical floras are derived in the same way as those of recent 
islands, by long-distance colonization. 
Another discrepancy in the data occurs with Java in the Equatorial Pacific region. The percentage of 
gemmiferous and green-spored species in Java is lower than expected for an island, i.e. Java is behaving more 
like a continent. This can be explained because Java shares the same continental shelf with Malaya and 
Thailand, and thus was likely connected to them as a contiguous mainland. Their floras were more than likely 
derived together. Borneo and the Philippines are also part of this same continental shelf, and this is reflected in 
their smaller increase of gemmiferous and green-spored species compared to more distant islands such as 
Ponape. Mount Kinabalu, although a part of Borneo, has a very large increase in the proportion of 
gemmiferous and green-spored species compared to the rest of Borneo (Malaysia) and adjacent mainlands. 
Mount Kinabalu is acting like an island because, being recently created, its flora is derived in a manner similar 
to the flora of a more recent island. 
While we believe the trends exist, sources of error in the analysis must be acknowledged. Floristic 
treatments vary in age, species concepts and thoroughness of study. The continental regions or islands analyzed 
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vary in size, topography and climate. Mainlands and islands vary in the distance separating each of them. In 
addition, they vary in geological history, age, geographical position and past land connections. The 
circumscription of analysis described in the Materials and Methods section and the number of floras surveyed 
reduce the probability of error due to these sources. 
The two major trends in the results, that species with indeterminate, gemmiferous gametophytes are 
overrepresented on islands and that species with indeterminate, non-gemmiferous gametophytes are 
underrepresented, relate to the colonizing ability of gametophytes in an epiphytic habitat. The increase in the 
percentage of gemmiferous species cannot be explained by more favorable climates on islands than on 
mainlands, which means that another explanation would be needed to explain why the better climate is not also 
reflected in the abundance of non-gemmiferous species and in the total number of epiphytes, which is only 
slightly elevated on islands. 
The opposite trends of the two groups are not necessarily compensating with nongemmiferous groups 
decreasing proportionally to increase in gemmiferous species. In the North Pacific and Equatorial Pacific, 
nongemmiferous species (P + E) drop in their percentage of the island flora more than terrestrial species do, 
suggesting that they are poorer long-distance colonizers than are terrestrial species. However, the opposite 
seems to be the case in the Indian Ocean, and in the Caribbean, the decrease in nongemmiferous species and 
terrestrial species on islands is similar. 
We believe gametophyte form is significant in the establishment of epiphytic ferns. The families 
Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae and Elaphoglossaceae constitute more than 
80% of all epiphytic ferns and each of these families have gametophytes that are persistent and clonal. Because 
relatively few epiphytic gametophytes have been examined, figures cannot be produced for the exact number of 
these five families which have persistent gametophytes, especially in the Polypodiaceae and Elaphoglossaceae, 
but the number is substantial. For the Hymenophyllaceae, Grammitidaceae, and Vittariaceae, gametophytes 
reported (Stokey 1940; Stokey and Atkinson 1958; Stone 1960,1965; Nayar and Kaur 1971; Farrar 1974, 
1993a, 1993b, Raine 1994) and observed by us are long-lived and clonal, and many are ribbon-like in growth 
form and branched. Nearly all Hymenophyllaceae, Grammitidaceae, and Vittariaceae produce gemmae and 
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these, worldwide, account for more than 99 percent of gemmiferous gametophyte species. A subset of this 
group, the Hymenophyllaceae and Grammitidaceae, are families possessing green-spores. Together these 
represent 98.6 percent of green-spored species worldwide. 
The Elaphoglossaceae have strap-shaped gametophytes with shallowly notched apices and little 
branching, and are reported to be long-lived (Nayar and Kaur 1971; W.-L. Chiou pers. comm.). Gemmae are 
not produced in the Elaphoglossaceae. Gametophyte form in the Polypodiaceae is more variable (Nayar and 
Kaur 1971; W.-L. Chiou pers. comm.); gametophytes are reported to range from cordate to strap-shaped and 
branched with an apical notch to ribbon-like with a discontinuous meristem, branched and clonal. Gemmae do 
not occur in this family with perhaps very few exceptions (Nayar 1963). Of the 17.4% of epiphytic fern species 
that are not in Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae or Elaphoglossaceae, the 
majority belong in four taxa (table 5.3, fig. 5.2), Asplenium, Davalliaceae, Oleandraceae and Lomariopsidaceae. 
The gametophytes of these taxa have been reported to be cordate and short-lived (Nayar and Kaur 1971), 
except in some Lomariopsidaceae (Farrar unpub. data). Thus, recognition of long-lived, clonal gametophytes 
as the prominent gametophyte growth form for ferns in epiphytic habitats seems warranted. 
Establishment, a primary consideration in long-distance colonization, begins with the gametophyte 
generation. In epiphytic habitats bryophytes are the ubiquitous inhabitants often totally covering trunks and 
limbs. Thus, the microhabitat encountered by a dispersed spore and the resulting gametophyte is that found 
within the bryophyte mat, a miniature forest of interwoven moss and liverwort species. To compete in this 
environment, gametophytes of epiphytic ferns may have become long-lived and clonal. Gametophytes that are 
elongate, ribbon-like, branched and clonal can also interweave themselves within the mat. In other words, they 
can compete better with bryophytes in the epiphytic habitat by growing like bryophytes. Long-lived, clonal 
growth allows the fern gametophyte to physically migrate to a microsite favorable for growth and reproduction, 
as well as to survive longer until favorable microsite conditions occur, and to persist until the arrival of a 
second migrant. A similar explanation for the evolution of clonal gametophyte growth in bryophytes has been 
proposed by Longton and Schuster (1983). 
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Once additional migrants arrive, clonal growth may close gaps between the clones, thus promoting 
cross fertilization between clones. The importance of this depends on the degree to which outbreeding is 
characteristic of epiphytes. It has been shown clearly that outbreeding is the norm for terrestrial ferns of mature 
habitats. The few studies of epiphytic species suggest that epiphytic ferns also are outbreeders (Ranker 1992; 
Haufler et al. 1995). Another indication of breeding systems of ferns is presence of an antheridiogen system, 
which facilitates or dictates outcrossing (Peck et al. 1990; Haufler and Gastony 1978). In epiphytes, the 
presence of an antheridiogen system has been shown to exist by culture studies in the Polypodiaceae (Welling 
and Haufler 1993; W.-L. Chiou pers. comm.), and indirectly by observing the formation of antheridia directly 
on gemmae upon exposure to mature female gametophytes in the Hymenophyllaceae (Stone 1958; Raine 1994; 
Dassler and Farrar), Grammitidaceae (Stokey and Atkinson 1958; Farrar 1971) and Vittariaceae (Goebel 1888; 
Britton and Taylor 1902; Farrar 1974; Emigh and Farrar 1977). 
A predominance of outbreeding in epiphytes is predictable. Epiphytic habitats are relatively stable 
physically and climatically for sporophytes; in contrast, conditions for the gametophytes within bryophyte mats 
are variable due to the nature of the substrate, i.e., the host tree species and limb or trunk size, and the species 
of bryophytes and its growth form. Availability of nutrients, amount of competition, microclimate and 
inclination of the surface, which influences the supply of water and nutrients, and the amount of light vary 
greatly (Richards 1984). In addition, atmospheric humidity and periodic drying of the bryophyte mat 
contribute to environmental variability. To succeed in a range of microhabitats produced by these 
environmental variations, high levels of genetic variability among populations may be advantageous. In 
addition, increased heterozygosity may be advantageous in more mature habitats because of a higher level of 
competition for available niches (Lloyd 1974a). A tendency for fern species in mature or stable habitats to have 
high genetic loads and increased genetic diversity has been demonstrated (Lloyd 1974b), as well as a capacity 
to reproduce by outbreeding in such habitats (Holbrook-Walker and Lloyd 1973). 
For outbreeding to occur following long-distance dispersal two immigrants must land close enough to 
interact with each other. Interaction includes transfer of sperm and may include antheridiogen stimulation of 
antheridia production. Fertilization ranges in bryophyte species have been reported to be less than 10 cm in 
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terrestrial species, but up to 2 meters in those with a splash cup arrangement of leaves around the antheridia and 
up to 5 meters in some epiphytic and epiphyllous species that have antheridia on branches that hang or are 
positioned away from the tree and are transported in droplets of water or by wind and gravity to populations 
below (Longton and Schuster 1983). 
Distances needed for interaction between fern gametophytes are unknown, but relative distances can 
be visualized for different habitats and different gametophyte forms (fig. 5.5). Intergametophyte distances can 
be measured in two ways: the actual distance between the gametophytes, which is the direct linear distance, and 
the interactive distance which is the distance sperm or antheridiogen must travel to reach the other 
gametophyte. With heart-shaped gametophytes in terrestrial habitats, the interactive distance is a relatively 
straight line so that the actual and interactive distances are essentially equal. Given the same actual distance, in 
an epiphytic habitat the interactive distance is not a straight line. Sperm or antheridiogen must travel up and 
down bryophyte stems and around leaves, thus the interactive distance is much greater than the actual distance. 
Clone-forming gametophytes in an epiphytic habitat grow across the actual distance and decrease the 
interactive distance. If we assume a hypothetical 10 cm maximum interactive distance, we can see that heart-
shaped, nonclonal gametophytes, although successfully interacting at that distance on a terrestrial surface, could 
not do so in an epiphytic bryophyte mat. On the other hand, clonal growth can reduce the separation between 
gametophytes in a bryophyte mat so that successful interactions can take place. 
Although clonal gametophyte growth can promote intergametophytic mating within one bryophyte 
mat, or on one tree limb, it obviously cannot eliminate the separation between gametophytes on different limbs 
or on different trees. This can be accomplished by gemmae. 
Gemmae of fern gametophytes are much larger than spores, therefore long-distance dispersal is less 
likely. They are dispersed short distances by several means, including gravity, rain, animals and wind (fig. 
5.6). These same agents have been suggested to transport gemmae in bryophytes (Proctor 1961; Longton and 
Schuster 1983; Richards 1984; Schuster 1983,1988; Thiers 1988; Kimmererand Young 1995). Specifically 
for bryophytes, dispersal by birds has been proposed. Proctor (1961) showed that ducks eat plants of the 
liverwort, Riella Howe, and Underw., and pass spores through the digestive tract unharmed. Richards (1984) 
Figure 5.5. Hypothetical intergametophytic distances between heart-shaped or clonal gametophytes in 
terrestrial or epiphytic, bryophyte mat habitats. Interactive distance is the distance sperm or 
antheridiogen must travel to reach the other gametophyte. For purposes of illustration, 10 cm is 
assumed to be the maximum interactive distance. 
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Figure 5.6. Modes of gemmae dispersal. Gemmae can be dispersed by gravity, animals, water or wind. 
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observed mosses of the Metoriaceae, which are hanging epiphytes, being carried and used by birds to build 
nests. Water dispersal down a mountain has been suggested for the liverwort Blasia pusilla (L.) Micheli 
(Schuster 1983). 
Seed dispersal is well-known in animals. Carlquist (1967) postulates that the most important dispersal 
agents for small seeds to islands are birds. Some of the seed dispersal mechanisms by birds may also be 
possible with gemmae, especially adherence to feathers or feet. 
Slugs have been shown to transport the asexual propagules of the moss Dicranum Jlagellare Hedw. up 
to 23 cm from the original colony (Kimmerer and Young 1995). The propagules stick to slime secreted by the 
slug which may also help the propagules to adhere to the substrate upon dispersal. Dispersal by slugs has also 
been proposed for liverworts (Thiers 1988). Fern gametophyte gemmae probably adhere to the bodies of slugs 
or other invertebrates that pass through a colony, although this is yet untested or observed. 
Wind dispersal has also been suggested as a means for gemmae transport in bryophytes ( Richards 
1984; Schuster 1983). In fact, wind is mentioned most often as the agent of gemmae dispersal over short 
distances of 100 m or less (Longton and Schuster 1983; Schuster 1988). Agents such as gravity, water, wind or 
animals, especially birds, seem the most likely for gemmae dispersal in epiphytic fern gametophytes. 
Regardless of dispersal mode, Schuster (1988) has observed that for the liverwort, Aphanolejunea minuta 
Schust., dispersal must occur because populations, which reproduce only by gemmae, occur only on palms and 
these are often 100-250 m apart. 
Dispersal of gemmae allows them to be transported from limb to limb and tree to tree (fig. 5.7). 
Gemmae allow the actual distance between two epiphytic fern gametophyte clones to be enormously increased 
while still permitting intergametophytic interaction. Outbreeding is thus possible in situations where 
populations are not dense, such as that which occurs following long-distance dispersal. 
The probable significance of gemmae in long-distance colonization of epiphytic ferns is supported by 
comparison of species with and without gemmiferous gametophytes in the floras of islands and mainlands. The 
percentage of epiphytic fern species with persistent gemmiferous gametophytes is higher on islands than 
mainlands in most world regions, except in the South Pacific where the "mainlands" of Australia and New 
Figure 5.7. Gemmae dispersal from tree to tree or limb to limb. With gemmae dispersal, two distant spore 
introductions and resulting gametophytes, A and B, can ultimately come into interactive range. 
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Zealand also have high proportions of gemmiferous ferns. Thus, epiphytic fern species with gametophytic 
gemmae appear to be superior colonizers of islands. This is likely because they can bridge gaps between clones 
from isolated spores and thus facilitate sexual reproduction by increasing the opportunity for outbreeding. 
A similar hypothesis for the role of gemmae has been proposed for the bryophytes (Longton and 
Schuster 1983; Schuster 1983). Longton and Schuster (1983) proposed a Scapania reproductive strategy model 
for dioicous bryophytes which produce gemmae. In this model, spore dispersal results in unisexual clones [ the 
sex of most bryophytes is chromosomally predetermined in the spore ( Longton and Schuster 1983; Schuster 
1983; Schofield 1985)]. If the spores land within a few meters of one another the clones will eventually come 
into contact and sexual reproduction can occur. If the clones are distant, then outbreeding is not possible. In 
the later case, gemmae carried by wind, water or animals would allow sexual reproduction despite isolation of 
the founding propagules. Thus in their hypothesis, gemmae function to enhance the success of sexual 
reproduction. This function of gemmae has also been extended to promotion of outbreeding in monoicous 
bryophyte taxa (Schuster 1988). 
In epiphytic fern species with persistent gametophytes lacking gemmae, long-distance colonization is 
more difficult than in those with gametophytic gemmae. In the former, clonal growth allows the gametophytes 
to compete with bryophytes in the epiphytic habitat and allows two clones to decrease their interactive distance, 
but outbreeding is feasible only if clones are relatively close and on the same branch. Thus for long-distance 
colonization, the probability of sufficient proximity of two spores is low (Schuster 1983). As we have 
demonstrated, this disadvantage to nongemmiferous fern epiphytes can be seen in their decreased proportion on 
islands as compared to mainlands (figs. 4.3,4.4). Thus epiphytic fern species lacking gametophytic gemmae 
appear to be inferior colonizers on islands. On mainlands these same species grow and migrate in denser 
populations where clonal growth serves the species well in competition with bryophytes and in 
intergametophytic interactions. On islands clonal growth is not sufHcient in most cases to facilitate outbreeding 
in sparse populations. On the other hand, gemmae provide the means for successful outbreeding to occur, even 
when clones are distant. This can be seen in our data by the increased proportion of fern species with 
persistent, gemmiferous gametophytes on islands. As islands become more distant from the mainland, the 
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trends seen in epiphytic fern species with and without gemmae become amplified because spore arrivals are less 
dense and less frequent. 
Species with green spores, in the families Hymenophyllaceae and Grammitidaceae (a subset of those 
with gemmiferous gametophytes), followed the same trend as gemmiferous species. Their proportions increase 
on islands. Green-spored species are said to have short-lived spores (Lloyd and Klekowski 1970) which might 
be expected to hinder long-distance dispersal, yet they have been successful in colonizing islands (Tryon 1986). 
Based on the comparison of their abundance on islands and continents, they do not seem disadvantaged in long­
distance colonization. Whether this reflects only the advantages of gametophytic gemmae in these species or 
also reflects an inherent advantage of green spores is unknown. 
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6. COMBINING INDEPENDENT GAMETOPHYTE POPULATIONS 
Introduction 
Most ferns exist by alternating between a diploid sporophyte generation and a haploid gametophyte 
generation. However, there are some ferns which live as independent gametophytes, not associated with 
sporophytes. In North America, independent gametophytes are well known. Vittaria appalachiana Farrar and 
Raine (Vittariaceae) occurs only as independent gametophytes (the sporophyte is presumed extinct), and is 
distributed across the southeastern United States from Kentucky to Georgia, extending to the north as far as the 
Pleistocene glaciation boundary (Farrar 1978,1993a; Farrar and Mickel 1991). Two species in 
Hymenophyllaceae, Sphaerocionium tayloriae Farrar and Raine and Trichomanes intricatum Farrar also exist as 
independent gametophytes in eastern North America. Sphaerocionum tayloriae grows as independent 
gametophytes, with the exception of one site in which juvenile sporophytes are produced, and has been found only 
in North Carolina, South Carolina and Alabama (Raine et al. 1991; Farrar 1993b). Gametophytes of T. intricatum 
grow in the southeastern United States northward to New York and Vermont; their sporophytes also presumed 
extinct (Farrar 1992). 
Independent gametophytes of Callistopteris baueriana (Endl.) Copeland(Hymenophyllaceae) behave 
similarly in Hawaii (Dassler and Farrar). They grow independently at low, dry elevations. As elevation and 
moisture levels increase, sporophytes occur, dwarfed at mid-elevations, but becoming mature and viable at high 
elevations. Independent gametophytes also occur in Great Britain and Europe. Trichomanes speciosum Willd. has 
been shown to be widespread there as populations of independent gametophytes, whereas populations of 
sporophytes also are rare (Rumsey et al. 1990,1991). 
Independent gametophytes continue to persist as the result of the clonal, long-lived growth habit of the 
gametophyte, assisted by the production of gemmae for asexual reproduction (Farrar 1985, 1993a). In the case of 
Vittaria appalachiana, Farrar (1978,1990) has postulated that it is a relic from the subtropical flora that lived in 
eastem North America in the wanner Tertiary period. As the climate in the eastern United States became cooler 
and drier, gametophytes of V. appalachiana were able to exist as isolated populations in protected rock crevices. 
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Farrar (1978) found that sporophytes of other Vittaria species cannot withstand desiccation or freezing, whereas 
their gametophytes are tolerant of these conditions, thus V. appcdachiana sporophytes, even if produced, may have 
been unable to survive in the colder, drier conditions. Gametophyte populations were able to survive over time due 
to the preadaptation of asexual reproduction by gemmae, but in so doing, became reduced genetically to 
monogenotypic populations (Farrar 1990). If individual genotypes are self-incompatible, V. appalachiana may 
have eventually lost the ability to produce sporophytes without gene flow between populations. 
Reasons for the absence of sporophytes of Callistopteris baueriana at low elevations in Hawaii may 
parallel those for Vittaria appalachiana (Dassler and Farrar). Instead of the lack of survival of sporophytes in cold 
conditions as with V. appalachiana, the sporophytes of C. baueriana may be restricted by the periodically dry 
conditions, outside of the constantly wet forest found at higher elevations. Asexual reproduction via gemmae also 
allows the gametophytes of C. baueriana to survive over time without production of sporophytes. 
In these species with independent gametophytes, gemmae function to maintain species survival via 
asexual reproduction. In species with normal lifecycles that include sporophytes, gametophytic gemmae also 
function to facilitate sexual reproduction by increasing the opportunity for outcrossing when gametophyte 
populations are distant. Gemmae are transported by gravity, animals or water to other gametophyte populations, 
resulting in gene flow between populations that would otherwise be too distant for outcrossing to occur without the 
presence of gemmae. 
One way to test whether gemmae facilitate sexual reproduction is to prevent gemmae dispersal between 
populations and thus prevent resulting outcrossing and gene flow from taking place. This experiment has been 
done by nature in Vittaria appalachiana and the other species discussed above. In V. appalachiana, gene flow is 
not influenced by spore dispersal because of the lack of sporophytes. This leaves gemmae dispersal between V. 
appalachiana populations as the primary means for gene flow. 
Using enzyme electrophoresis, Farrar (1990) has demonstrated that although the overall genetic 
variability of Vittaria appalachiana is comparable to that of sexually reproducing plants, this diversity is 
partitioned into monogenotypic populations. Usually, only one genotype is found within a site or population 
within a site. Thus, gemmae dispersal between gametophyte sites is not occurring. 
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If sporophyte production occurred in such populations, the expected results would be severe inbreeding 
depression and loss of sporophyte viability. This may be the case with Vittaria appalachiana and other 
independent gametophytes. If this is the cause of the absence of sporophyte production in V. appalachiana, 
combination of genetically different populations should allow production of viable sporophytes. In this experiment 
populations of V. appalachiana gametophytes were combined to determine whether sporophytes would be 
produced. 
Materials and Methods 
Vittaria appalachiana populations were combined by sowing gemmae from different populations together (Table 
6.1). 
Table 6.1. Population combinations used in crosses of Vittaria appalachiana gametophytes, with culture 
substrates indicated. 
Sheik Hollow, OH. Cedar Falls, OH. Hanging Rock, NC. Glenn Falls, NC. Rock Bridge, KY. 
Sheik Hollow, OH. C X X X X 
peat peat TFT TFT TFT 
TFT 
Cedar Falls, OH. C X X 
peat TFT TFT 
TFT 
Hanging Rock, NC. C X 
peat TFT 
TFT 
Glenn Falls, NC. C 
peat 
TFT 
Rock Bridge, KY. C 
peat 
TFT 
X= population cross. 
C= control. 
Cultures were grown on peat or tree fern trunk (TFT). 
Populations of V. appalachiana were collected in eastern North America by D. Farrar. Because variation 
among sites in Ohio is high (Farrar 1990), crosses using Ohio collections were given high priority. The number of 
combinations made using any one population was limited by the amount of gemmae present in the population. 
Gemmae from each population used in the crosses were also sown individually as controls. Gemmae were sown 
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on moist raxWtA Sphagnum or tree fem trunk in 9.5 x 9.5 x 3.5 cm plastic culture cubes (fig. 6.1 A). The cultures 
were maintained in continuous white fluorescent light of 1 to 20 umol/m^s in a chamber at approximately 20° C. 
Populations were combined on March 14,1994. 
Results 
After 15 months, gametophytes in all cultures, both controls and crosses, were growing and healthy, 
forming dense, clonal mats (fig. 6.1B, C). Most cultures possessed an abundance of gemmae (fig. 6.1D). 
Gametangia were not observed, except for archegonia in the cross of Cedar Falls, OH and Rock Bridge, KY. 
However, despite the healthy condition of the gametophytes, no sporophytes have yet been produced. 
Discussion 
The absence of sporophytes after 15 months in cultures where two genetically distinct populations of 
Vittaria appalachiana gametophytes were combined leads to the conclusion that sporophyte production has not 
been possible. Whether this is due to unsuccessftil fertilization or inappropriate culture conditions is unknown. It 
is probable that due to its long existence in the absence of sporophytes, either physiological or genetic blocks to 
gametangia or sporophyte production may have evolved. 
Because of these various factors, the lack of sporophyte production in the crosses of V. appalachiana 
populations does not invalidate the hypothesis that gemmae function to increase gene flow between populations, 
and that without gene flow, inbreeding depression and the inability to produce sporophytes occurs, resulting in 
independent gametophytes. 
The procedures outlined above could be used to combine populations of independent gametophytes of 
Callistopteris baueriana. This would be an identical test for the hypothesis, except that by using a species which 
retains a sporophyte generation, perhaps the factors limiting sporophyte production in V. appalachiana would not 
be present. The production of sporophytes would support the hypothesis for the role of gemmae in increasing gene 
flow among populations. 
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GENERAL CONCLUSIONS 
Green fern gametophytes are variable in growth form and longevity. The typical concept of a fem 
gametophyte is a cordate, short-lived plant. However, this picture does not fully convey the variation and 
complexity found among fem gametophytes. Some gametophytes are persistent, clone-forming and ribbon-like, 
strap-like or filamentous. This variation suggests that different growth forms may be adapted to various habitats. 
When habitats of the various growth forms are compared with growth form and presence or absence of 
gametophytic gemmae, three different categories of gametophytes emerge: 
1. Short-lived, cordate-thalloid gametophytes, typical of most terrestrial ferns. 
2. Persistent, strap-like or ribbon-like, clone-forming gametophytes lacking gemmae, typical of many of 
epiphytes, especially Polypodiaceae and Elaphoglossaceae. 
3. Persistent, strap-like, ribbon-like or filamentous, clone-forming gametophytes possessing gemmae, 
typical of the epiphytic Hymenophyllaceae, Grammitidaceae and Vittariaceae. 
Callistopteris baueriana (Hymenophyllaceae) is an example of the third category. The gametophytes of 
C. baueriana often grow intermixed in bryophyte mats or as dense, clonal, monotypic mats in epiphytic or in 
vertical terrestrial habitats. They are ribbon-like in growth form, branched, and possess a meristem at the apex of 
each branch. Generally, when the apex divides, it produces a prostrate branch which grows along the substrate and 
remains meristematic, and a gemmae-producing branch which grows perpendicular to the substrate. Filamentous 
gemmae are formed on gemmifers at the apex of branches. After detachment from the gemmifer, they can grow 
into a new gametophyte thallus or, in the presence of mature plants, produce antheridia directly. The unique 
combination of characters in C. baueriana provide insights into the evolution of gametophyte form in general, and 
in the Hymenophyllaceae in particular. 
Correlation of gametophyte form, longevity and habitat demonstrates that, in general, species with 
persistent gametophyte growth forms (Hymenophyllaceae, Grammitidaceae, Vittariaceae, Polypodiaceae and 
Elaphoglossaceae) are found in epiphytic habitats. Conversely, most of the ferns found in epiphytic habitats 
(>80%) are members of these five families. These correlations strongly suggest an adaptive value of the persistent. 
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clone-forming growth habit in epiphytic habitats. In the epiphytic habitat, bryophytes are the ubiquitous 
inhabitants, coating trunks and limbs with dense mats several centimeters in thickness. Epiphytic fern 
gametophytes may have evolved persistent, clonal growth forms to compete with bryophytes in the epiphytic 
habitat. Long-lived, clonal growth may increase the opportunity for the gametophyte to find a favorable space 
and/or time for successful production of sporophytes. 
The biyophyte mat is a difficult environment for fem gametophytes, conditions in the mat varying in 
nutrient, water and light availability. In a test of fem gametophyte growth in bryophyte mats in the greenhouse, 
short-lived, cordate gametophytes grew only in areas devoid of bryophytes, and sporophytes of terrestrial species 
did not survive to maturity. In contrast, gametophytes of Hymenophyllaceae and Vittariaceae grew well inside the 
mats, as did sporophytes of all five epiphytic families when transplanted directly to bryophyte covered boards in 
the greenhouse. 
Features of gametophyte development and form in epiphytic ferns that seem to be important to survival in 
bryophyte mat habitats include long life (indefinite persistence), branching to intermix and spread among the 
bryophytes, spore germination and development in leaf axils of bryophytes to take advantage of the wetter and 
more protected microhabitats of leaf axils, and in some epiphytic fems, formation and dispersal of gemmae. The 
last allows contact between originally distant gametophytes. Epiphytic fem species most successful in 
establishment after dispersal possess a suite of spore and gametophyte characters. These include spore germination 
before dispersal, green-spores, slow gametophyte development, long-lived gametophytes and the presence of 
gemmae. The advantages of predispersal germination, green spores and slow gametophyte growth in the epiphytic 
habitat are unclear. 
Most fems including epiphytes are outbreeders. Outbreeding is often facilitated by an antheridiogen 
system in which faster-growing gametophytes produce archegonia and an antheridiogen chemical which stimulates 
slower-growing gametophytes to produce antheridia. Fem species with gametophytic gemmae in epiphytic 
habitats often demonstrate the presence of an antheridiogen system through presence of antheridia formed 
immediately upon germinating when these are gemmae in the presence of mature female gametophytes. 
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In tropical, epiphytic habitats, outcrossing between two gametophytes is made difficult because 
intervening stems and leaves of bryophytes effectively increase the interaction distance between gametophytes. 
Persistent gametophyte growth forms increase the opportunity for different gametophytes to interact and outcross 
by allowing growth to decrease the physical distance between plants. This advantage occurs only when 
populations are dense enough for different gametophytes to occur within one biyophyte mat or on one tree limb. 
Persistent, clonal gametophyte growth cannot eliminate the separation between gametophytes on separate limbs or 
on separate trees. Species with gemmiferous gametophytes have adopted a solution to this problem. Gemmae are 
transported by wind, gravity, animals or water, allowing them to be transported from limb to limb and tree to tree 
and thus make contact between distant clones. Thus, gemmae increase the actual distance two original 
gametophytes can be apart and still interbreed. This allows for successful outbreeding when gametophytes are 
distant, such as that which occurs during long-distance dispersal. Thus, gemmae facilitate sexual reproduction by 
increasing the opportunity for outcrossing when clones are distant and by producing new tissue for antheridia 
formation. 
Distant gametophyte clones is most often the case in long-distance colonization by ferns. On isolated 
islands, epiphytic species with gemmiferous gametophytes are overrepresented relative to their proportion in 
continental floras and epiphytic species with nongemmiferous gametophytes are underrepresented compared to 
mainlands. Long-distance colonization is more diiificult for epiphytic species lacking gametophytic gemmae 
because in long-distance colonization the prospect of two spores landing close enough for outbreeding to occur is 
unlikely. On the other hand, gemmae provide the means for successful outbreeding to occur, even when clones are 
distant. 
Research on the evolution of morphologies and ecological adaptations of epiphytic fern gametophytes is 
limited. Gametophyte morphology is undescribed for most epiphytic fern species and their value in systematic and 
evolutionary hypotheses is untested. Gametophyte biology of tropical ferns is less understood than that of 
temperate ferns, and gametophytes of tropical, epiphytic species are least studied in natural conditions of all ferns. 
Continued study of the gametophyte generation of epiphytic ferns is needed to fiilly understand the biology and 
evolution of this large and conspicuous group of tropical rainforest plants. 
